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CHAPTER  I. 


Fio.  1. 


SIMPLE  TESTING. 

!•  Ih  order  to  be  able  to  make  meafinrements  of  any  kind,  it 
a  neoefisary  to  have  certain  standard  units  with  which .  to  make 
xnnparisons.  For  example,  in  the  case  of  length,  or  weight,  we 
have  as  standards  the  foot  and  the  pound.  Some  of  the  units  are 
dependent  upon  two  of  the  other  units;  the  unit  of  "work," 
for  example,  is  the  foot-pound,  or  the  work  done  in  raising  a 
pound  1  foot  high.  Now  in  electrical  measurements  we  require 
imits  of  a  like  character.      Those  with  which  we  have  to  deal 

diiefly  are  electromotive  forcCy  the  unit  of  which  is  called  the  volt ; 

mistance,  the  unit  of  which  is  the  ohm; 

dso  we  have  the  unit  of  current^  which  is 

Impendent  upon  the  two  foregoing  units, 
d  which  is  called  the  amphre, 

2.  If  the  two  poles  of  a  battery  be 
ined  by  a  conductor  a  current  will  flow, 

d  the  strength  of  this  current  will  vary 

rectly  as  the  electromotive  force  of  the 

ttery,  and  inversely  as  the  total  resist- 

ico   in   the    circuit.     This    relation    is 

nown  as  "  Ohm's  law."     If  the  electro- 

otive  force  is  expressed  in  volts  and  the 
esistance  in  ohms,  then  the  resulting 
urrent  will  be  in  amperes. 

3.  Suppose  now  a  battery  of  a  resistance  r  and  electromotive 
orce  E,  a  galvanometer  of  a  resistance  G,  and  a  wire  of  a  resist- 
.nce  p,  bo  joined  up  in  circuit,  as  shown  by  Fig.  1.     By  the  fore- 
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going  law,  the  strengtli  of  current  C,  which  will  floi 
battery  and  through  the  galyanometer,  will  Le 


The  current,  ia  flowing  through  the  galvanometer,  produoi 
deflection  of  its   needle,  which    deflection  will  remain  con^ 

ided  the  olectTOmotive  force  of  the  battery  and  also  the  resist- 
ances remain  constant.  If  now  p  Ix;  a  wire  whose  rcsistaQCQ  ws 
require  to  find,  and  which  we  can  replace  by  another  wire  the 
value  of  whose  resistance  can  bo  varied  at  pleasure,  then  hj 
adjuHting  this  latter  ao  t'  .t  the  deflection  of  the  galvanometer 
ledle  becoiueu  the  same  as  it  was  before  the  change  of  rcsist-inoiM 
was  mado,  this  rcsiatance  gives  the  value  of  our  ituknown  i 
ance  p.  A 

This  method  of  testing,  known  as  the  euhsfitution  methi)l| 
althiiugh  exceedingly  simple,  is  a  very  good  and  accurate  ono  if  lb 
little  ordinary  care  be  takon  in  making  it.  Its  correctuesa  is  on^ 
limited  by  the  seoslbility  of  the  galvanometer  to  small  changes ll 
strength  in  the  oiirreut  afiecting  it,  and  by  the  accuracy  wi^ 
which  the  variable  reBistuuce  can  be  adjusted. 

It  should  be  mentioned,  however,  that  for  reasons  wbioh  v 
iMoome  obvious  when  tlie  subject  of  testing  is  gone  further  ii 
the  resistance  of  the  battery  and  galvanometer  used  in  making 
teat  of  the  kind  should  be  email  compared  with  the  resistani 
being  measured. 

4.  Next,  BuppoHO  the  galvanometer  to  have  its  scale  so  grad 
ated  that  tho  number  of  divisions  on  it  will,  by  the  defleotioi 
the  needle,  acourately  represent  the  comparative  strength  (C)  ' 
currents  which  may  pass  through  it.    Let  the  battery,  galvai 
meter,  and  resistance  bo  joined  up  as  at  first,  then,  as  before 

Now  remove  p,  and  insert  any  other  known  resistance  It,  in 
place.    Calling  the  new  strength  of  current,  C|,  then 


,  B  =  C,(R+r  +  (}> 


a.  thai  E  =  C  (p  +  r  +  G;,  therefore 
C(^  +  r  +  G)  =  C,(R+     +G), 
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^  +  r  +  G  =  g-'(B  +  r  +  G), 


that  is  ^ 


P  =  gl(B  +  r  +  G)-(r+G).  [1] 


Now,  as  we  have  supposed  the  deflections  of  the  galvanometer 
needle  to  be  directly  proportional  to  the  strengths  of  current  which 
produoe  iheniy  we  may,  instead  of  C  and  0^,  write  in  our  formulas 
the  deflections  of  the  galvanometer  needle  which  those  strengths 
produce.  Calling,  then,  a  the  deflection  obtained  with  the  strength 
C,  and  tti  that  with  the  strength  Ci,  oil'  formula  [1]  becomes 

p=??(B  +  r  +  G)-(r  +  G).  [2] 

a 

In  order  to  find  p,  it  is  necessary  to  know  O,  which  is  usually 
marked  on  the  gidvanometer  by  the  manufacturer,  r  also  must 
be  known,  but  as  it  is  diflicult  to  determine  its  value  accurately, 
it  is  best  to  use  a  battery  whose  resistance  is  very  small  in  com- 
parieon  with  the  other  resistances  in  the  circuit,  and  which  may 
ooniequently  be  neglected ;  in  this  case  we  may  write  our  formula 

p  =  ^i(R4.G)-a  [3] 

a 

Having  then  obtained  a  with  p  and  aj  with  B,  we  can  find  the 
value  of  p. 

For  example. 

With  a  galvanometer  whose  resistance  was  100  ohms,  and  a 

battery  whose  resistance  could  be  neglected,  we  obtained  with  an 

-    unknown  resistance  p  a  defiection  of  30  divisions  (a),  and  with  a 

resistance  of  320  ohms  (ft)  in  place  of  p,  a  defiection  of  20  divi- 

■ions  (aj).    What  was  the  unknown  resistance  p  ? 


I 


p  =  ^  (320  +  100)  -  100  =  180  ohms. 

5.  Next,  suppose  it  is   required   to  find  the  resistance  of  a 
alvanometer. 

From  equation  [3],  by  multiplying  up,  we  find  that 

pa  =  Ba^-i-  Ga^  — Ga, 


Y 
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by  arranging  the  qnantities  and  changing  signs  we  get 

Qa— Goi=Eoi  -pa, 
or 

G  (  o  —  ai)  =  B  ai  —  p  a ; 


therefore 


G  =  ^3l:^P^.  [4] 


a  —  tti 


If,  then,  with  a  known  resistance  p,  we  obtain  a  deflection  of 
a  divisions,  and  with  another  known  resistance  B  we  obtain  a 
deflection  of  a^  divisions,  we  can  determine  O. 


Far  example. 

With  a  galvanometer  (O)  and  a  battery  whose  resistance  conld  : 
be  neglected,  we  obtained  with  a  resistance  of  200  ohms  (p)  a  j 
deflection  of  30  divisions  (a),  and  with  a  resistance  of  350  ohms  1 
(B)  a  deflection  of  20  divisions  (ai).  What  was  the  resistance  of 
the  galvanometer? 

G  =  3i0x_20  -  200_x_30  ^  ,0Q  ^^ 
30  -  20 

6.  Lastly,  when  the  resistance  of  our  battery  is  consideraUa^ 
and  it  is  required  to  And  its  value,  from  equation  [2]  (page  8)  Ij 
multiplying  up,  we  find 

pa  =  Boi  +  »'ai  +  Ga|  —  ro  —  Go, 

by  arranging  the  quantities  and  changing  signs  we  get 

ra  —  roi  =  Bai—  pa  +  Goi  —  Qa, 
or 

r  (a  —  ttj)  =  B  tti  —  p  a  —  G  (o  —  ai), 
that  is 


a  —  ai 


[6] 


For  example. 

With  a  galvanometer  whose  resistance  was  100  ohms  (G),  a] 
a  battery  (r),  we  obtained  with  a  resistance  in  circuit  of  150  oh] 
(p)  a  deflection  of  40  divisions  (a),  and  with  a  resistance  in  circi 
of  300  ohms  (B)  a  deflection  of  30  divisions  (aj).  What  was  t" 
resistance  of  the  battery  ? 

r  =  300x_80^160xj0  _  j^q  ,  gOO  ohms. 
40  .  80 
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7.  The  foregoing  formnlsB  may  be  considerably  simplified  if  we 
80  adjust  oar  resistances  that  one  deflection  becomes  half  the  other, 

or,  in  other  words,  if  we  make  o,  =  -.      Formula  [3]  (page  3) 

for  determining  any  resistance  then  becomes 


therefore 
or 


p  =  £(B  +  G)-G  =  ^.G; 

2p  =  B+G-2G  =  B-G, 

R-G 
P  =  — :; — . 


8.  Similarly  we  should  find  that  formula  [4]  (page  4)  for 
determining  the  resistance  of  a  galvanometer  becomes 

G  =  B-  2p; 

and  formula  [5]  (page  4)  for  determining  the  resistance  of  a  battery, 

r  =  B-(2p  +  G); 

p  being  in  all  cases  the  resistance' which  gives  the  large  deflection, 
and  B  being  the  larger  resistance  which  halves  it. 

9.  Still  farther  simplifications  of  the  two  latter  formnlsB  may 
be  obtained  if,  when  observing  the  first  deflection  a,  we  have  no 
resistance  in  circuit  (except,  of  course,  that  of  the  galvanometer,  or 
of  the  battery,  the  resistance  of  either  of  which  we  are  measuring), 
that  is  to  say,  if  we  have  p  =  0 ;  we  then  get 

G  =  B  [A] 

and 

r  =  B  -  G  [B] 

that  \s  to  say,  in  case  [A]  the  resistance  inserted  in  order  to  halve 
the  deflection  is  the  resistance  of  the  galvanometer,  and  in  case  [B] 
the  resistance  inserted,  minus  the  resistance  of  the  galvanometer, 
18  the  resistance  of  the  battery. 

In  the  latter  case,  by  using  a  galvanometer  of  negligible  resist- 
ance, we  get 

r  =  B.  [C] 

The  formulfiB  [A]  and  [C],  although  they  have  been  arrived  at 
by  mathematical  analysis,  are  really  quite  obvious,  since  it  must 
be  clear  that  the  halving  of  the  deflection,  that  is  of  the  current. 
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mast  hd  effeotod  by  donbling  tho  reBistanou  <>f  th^  uironit,  that  is 
by  adding  a  reaiatftnce  oquoJ  to  tlie  only  riMubuiro  whicli  is  In  the 
circuit  in  the  Hrst  instance,  that  is  itv  rwifttance  of  the  galvano- 
meter or  of  the  batteiy,  as  the  caac  may  bo. 

10.  When  the  resistance  wa  havi^  '.■-}  mMsnre  is  very  high  com- 
pared with  the  resistance  of  th>'  gf:1vauometeT  and  battery  used 
for  measuring,  then  in  our  eixnstiou  (page  3) 

p=:5(B-|-'-  +  G)-('  +  G). 

W6  may  practically,  especittlly  when  great  accuracy  of  measurement 
is  not  required,  put  G  as  well  as  r  equal  to  0,  in  which  oaso 

To  meamiroa  ifsietanoo  according  to  this  furtuula,  wc  should  first 
join  up,  as  shown  by  Fig,  1  (page  1 ),  our  battery,  galvanometer,  and 
standard  rcBistance  (as  it  is  called),  which  in  our  formula  is  R ;  and 
having  noted  the  deflection  a,,  should  multiply  the  latter  byK; 
this  gives  us  what  is  called  the  conalanl.  p  (the  resistance  to  be 
determined)  is  then  inserted  in  thu  place  of  K  ;  a  now  deflection  a 
ie  obtained,  by  which  we  divide  the  cunstant,  and  thus  get  the 
value  of  p. 

This  method  of  measuring  resistances  ie  the  une  genorallj 
employed  in  taking  tests  for  ineitlation  resistance  of  telegraph 
lines,  the  standard  resistance  R  being  usually  lOOl)  ohms. 

When  the  insulation  resistances  of  several  lines  are  to  be  mea- 
sured, the  constant  would  iiret  be  taken  and  worked  out.  and  th« 
several  lines  to  bo  measured  being  inserted  one  after  the  other  in 
the  place  of  the  resistance  K,  the  deflections  are  noted ;  then  the 
tinnstant  being  divided  by  the  several  deflections,  the  retjistanOM 
are  thus  obtained. 

For  example. 

With  a  Wtery,  a  galvanometer,  and  a  resistance  of  1000  u 
(B)  in  circnit,  wu  ublained  a  deflection  of  20  divisiuus  (u,),  tluiti 

Constant  =  ItJOO  X  20  =  --'OiJOU. 
Taking  away  our  resistance  and  insoi-ting 

Wire  No.  1,  wo  obtained  a  deflection  of  A  divisions 
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The  resiBtanoe  of  our  wires  would  then  be 

No.  1,  20000  -f-    5  =  4000  ohms. 
„  2,  20000  -r-    6  =  3333      „ 
„  3,  20000  ^  12  =  1666      „ 
„  4,  20000  -r-    3  =  6666      „ 

These  results  are  the  total  insulation  resistances  of  the  wires, 
which  may  be  of  yarions  lengths.  To  get  comparative  results,  it 
is  neoeBsary  to  obtain  the  insulation  resistance  of  some  unit  length 
of  each  wire,  such  as  a  mile. 

Now,  it  will  be  readily  seen  that  the  greater  the  length  of  the 
wire  the  gteaier  will  be  the  leakage,  and  consequently  the  less 
will  be  the  insulation  resistance,  or,  in  other  words,  this  resistance 
will  vary  mversely  as  the  length  of  the  wire.  To  obtain,  then,  the 
insulation  resistance,  or  **  insulation  "  as  it  is  simply  called,  all  we 
have  to  do  is  to  multiply  the  total  insulation  by  the  length  of  wire , 
Thus,  for  example,  if  No.  1  wire  were  100  miles  long,  its  insulation 
per  mile  would  be  4000  x  100  =  400,000  ohms. 

It  is  usual  to  fix  a  standard  insulation  per  milo,  and  if  the  result 
is  below  the  same,  the  line  is  considered  faulty.  200,000  ohms  per 
mile  is  the  standard  adopted  by  the  Postal  Telegraph  Dejxartmont. 

11.  The  rule  of  multiplying  the  total  insulation  by  the  mileage 
of  the  wire  to  get  the  insulation  per  mile  is  not  strictly  Correct, 
more  especially  for  long  lines,  as  it  assumes  that  the  leakage  is  the 
same  at  every  point  along  the  lino.  This,  however,  is  cleariy  not 
the  case,  as  a  little  of  the  current  leaking  out  at  one  point  leaves 
a  smaller  quantity  to  leak  out  at  the  next.  In  fact,  we  really 
measure  the  last  portion  of  the  line  with  a  weaker  batteiy  than 
we  do  the  first.  The  true  law  is,  however,  somewhat  complex,  and 
will  be  considered  hereafter.* 

12.  We  have  hitherto  considered  the  galvanometer  deflections 
to  be  directly  proportional  to  the  currents  producing  them,  but  in 
no  galvanometer  is  this  the  case  if  the  deflections  are  measured  in 
de4jree$;  in  such  a  case  they  are  proportional  to  some  function  of 
those  degrees,  such  as  the  tangent.  Thus,  if  we  wore  reading  oflF 
the  scale  of  degrees  on  a  tangent  galvanometer,  that  is  to  say,  a 
galvanometer  in  which  the  strengths  of  currents  are  directly  pro- 
portional to  the  tangents  of  the  angle  of  deflection  which  those 
currents  produce,  we  should  have  to  find  the  tangents  of  those 
degrees  of  deflection  before  multiplying  and  dividing. 
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For  example. 

If  with  a  tan^nt  galvanometer  yre  obtained  with  our  standard 
resiatanoe  of  1000  ohms  a  deBection  of  20°,  and  with  tlie  onknown 
resistance  (p)  a  deflection  of  15°,  we  Bhould  have 


tan  15^"" 


■364  X  1000 
■268 


=  1358  ohms. 


When  meaanring  the  insulation  resistanco  uf  a  line  of  tolo- 
graph,  having  taking  tho  constant,  wo  should  join  up  oar  instru- 
ments and  line,  as  shown  by  Fig.  2.     In  making  a  measui'emeut 


of  this  kind,  it  is  usual  to  have  the  positive  pole  of  the  batteiy 
to  earth,  so  that  a  negative  (zinc)  current  flows  out  to  the  line, 
as  a  zinc  current  will  show  best  any  defective  insulation  in  the 
wire,  a  positive  currqpt  having  the  oflfeot,  to  a  certain  extent,  of 
geatiitg  a  fault  up,  more  especially  if  the  defect  is  in  any  under- 
grotmd  work  which  may  he  in  the  circuit 

The  foregoing  melhod  of  measurement  is,  as  a  rule,  eutHctently 
accurate  for  all  practical  purposes.  Greater  accuracy  may,  how- 
ever, be  obtained  with  but  little  extra  trouble  by  allowing  for 
the  resistance  of  our  battery  and  galvanometer  in  the  following 
manner : — 

Instead  of  multiplying  the  forulant  deflection  by  the  1000  ohms 
standard  resistance,  multiply  it  by  1000  plus  the  resistance  of  the 
galvanometer  and  battery,  and  having  divided  tho  rcsnlt  l-y  the 
deflection  obtained  with  the  line  wire  in  circuit,  subtract  from  the 
result  the  resistance  of  the  galvanometer  and  battery. 

For  exafipU. 

With  a  standard  resistance  of  1000  ohms,  a  tangent  galvano- 
meter of  a  rosistAaco  of  SO  ohms,  and  a  liattery  of  u  resistance  of 
100  ohms,  we  obtained  a  deflection  of  W,  and  wilh  the  line  wiro 
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in  oircait  a  deflection  of  10^     What  was  the  exact   inBulation 
resistanoe  of  the  line  ? 

Insulation)  _  tan  30°  (1000  +  50  +  100)  _  /5Q  ,   iqq\ 
reBistanoe  f  tan  10°  K      ^       J 

=  -577  X  1150  _  jgQ  ^  37gQ  ^j^j^ 
•176 

In  order  to  save  calculation  it  is  very  convenient  to  have  a 
table  constmcted  on  the  following  plan : — 

Eabth  Beadinos. 


•s, 

p 


6-* 


a 

o 


a 

a 


P 

2° 

3° 

4° 

20° 

20852 

10423 

6945-0 

5205-0 

210 

21992 

10993 

7324*6 

5489-5 

22° 

23146 

11570 

7709-8 

5777-9 

23P 

24318 

12155 

8099-5 

6070-2 

24° 

25507     12750  ,  8495-5 

6367  1 

In  this  table  the  first  yertical  colnmn  represents  the  deflections 
in  degrees  obtained  with  a  tangent  galvanometer  through  a 
standard  resistance  of  1000  ohms,  and  the  top  row  of  degrees  are 
the  deflections  obtained  with  the  line  wire  in  circuit.  The  numbers 
at  the  points  of  intersection  of  a  vertical  with  a  horizontal  column 
give  the  resistances  corresponding  to  those  deflections,  these 
resistances  being  calculated  from  the  formula 

Insulation)  _  tan  constant  reading  x  1000 
resistance  J  tan  earth  reading 

Thus  the  constant  deflection,  or  reading,  with  the  1000  ohms 
standard  resistance  being  22^,  and  the  deflection  with  the  lino 
wire  (the  earth  reading)  being  2°,  the  resistance  required  is  seen 
at  a  ^nce  to  be  11,570  ohms. 

Before  proceeding  to  the  more  intricate  systems  of  measure- 
ment, we  will  consider  some  of  the  instruments  which  wowid.\>^ 
used  in  makizr^  meaanrementB  eucb  as  we  have  described. 
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13.  The  essential  points  of  n  good  set  of  resistance 
that  ttey  should  not  vary  their  resistance  appreciably  thruugb 
change  of  temperature,  and  that  thoy  should  be  accurntely  adjiistod 
to  the  standard  units,  which  adjustment  ought  to  be  such  that 
not  only  should  each  individual  coil  test  according  to  its  marked 
value,  but  the  total  valueof  all  the  coils  together  should  be  equal  to 
the  uumevical  sum  of  their  marked  values.  It  will  bo  frequently 
found  in  imperfectly  adjusted  coils  that  altliough  each  individuitl 
coil  may  test,  as  far  as  can  be  seen,  correctly,  yet  when  tested 
altogether  their  total  valuo  will  be  one  or  two  units  more  or  ]wa 
than  the  sum  of  their  individual  values  ^  because  although  an 
error  of  a  fraction  of  a  unit  may  not  be  perceptible  in  teattng 
each  ooil  individually,  yet  the  accumulated  error  may  be  com- 
para lively  large. 

The  wire  of  the  coils  is  either  of  platinum-silver  alloy  or  of 
Oonuan  silver ;  the  foi-mer  material  has  the  advantage  that  its 
fesiBtance  changes  hut  very  slightly  by  variation  of  tomiiemture; 
this  variation  not  amounting  to  more  than  -031  per  i-ont.  per 
degree  Centigrade  (-017  per  degree  Fahrenheit.)  I'latinum-Bilvor 
ie,  however,  rather  expensive,  and  consequently,  whore  Ihe  highest 
possible  accuracy  is  not  of  great  importance,  German  silver,  wboee 
percentage  of  resistanoo  variation  per  degree  Centigrade  is  *044 
(■02i  per  degree  Fahrenheit),  is  osed.  The  alloy  disoovered 
hy  Mr.  F.  W.  Martino,  called  jilniiaoid,  which  is  a  combination  of 
tungsten,  copper,  nickel,  and  zinc,  besides  being  very  iiiexponsivo, 
has  a  lower  co-ofRcient  of  resistance  variation  by  change  of  tern- 
poratnre  than  oven  platinum -si  Ivor,  this  percentage  being  as  low 
as  '021  per  degree  Centigrade  (-012  per  degree  Fahrenheit)  ;  it  is 
therefore  likely  to  come  into  extensive  use,  though  as  yet  it  has 
not  been  largely  employed.  An  alloy  called  mantfanin  is  said  to  he 
practically  unaffected  by  temi>erature ;  but  little  is  known  of  it 
I  this  country,  however. 

The  wire  is  usually  insulated  hy  two  coverings  of  silk,  and  u 
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woand  double  on  elx)iiite  bobbins,  the  object  of  the  double  winding 
being  to  eliminate  the  extra  current  which  would  be  induced  in  the 
eoOs  if  the  wire  were  wound  on  single.  By  double  winding,  the 
t  flows  in  two  opposite  directions  on  the  bobbin,  the  portion 
one  direction  eliminating  the  inductive  effect  of  the  portion  in 
flie  other  direction.  When  wound,  the  bobbins  are  saturated  in 
kit  paraffin  wax,  which  thoroughly  preserves  their  insulation,  and 
prerents  the  silk  covering  from  becoming  damp,  which  would 
have  the  effect  of  partially  short  circuiting  the  coils  and  thereby 
reducing  their  resistance. 

The  small  resistances  are  made  of  thick  wire,  the  higher  ones 
of  thin  wire,  to  economise  space. 

When  bulk  and  weight  are  of  no  consequence,  it  is  better  to 
haTe  all  the  coils  made  of  thick  wire,  more  especially  if  high 
battery  power  is  used  in  testing,  as  there  is  less  liability  of  the 
ooila  to  become  heated  by  the  passage  of  a  current  through  them. 

The  individual  resistances  of  a  set  of  coils  are  generally  of 
rach  vi^ues  that,  by  properly  combining  them,  any  resistance 
from  1  to  10,000  can  be  obtained.  One  arrangement  in  general 
use  has  coils  of  the  following  values :  1,  2,  2,  5,  10,  10,  20,  50, 100, 
100,  200,  500,  1000,  1000,  2000,  6000  ohms.  These  numbers 
enahle  any  resistance  from  1  to  10,000  to  be  obtained,  using  a 
minimum  number  of  coils  without  fractional  values.  As,  however, 
it  is  a  matter  of  some  little  difficulty  to  see  at  once  what  coils 
it  is  necessary  to  put  into  circuit  in  order  to  obtain  a  particular 
resistance ;  and  as  it  is  often  necessary  to  be  quick  in  changing 
the  resistances,  the  following  numbers  are  frequently  used  :  1,  2, 
3,  4,  10,  20,  30,  40,  100,  200,  300,  400,  1000,  2000,  3000,  4000, 
which  enables  any  particular  resistance,  that  is  required  to  be 
inserted,  to  be  seen  almost  at  a  glance. 

• 

Fio.  3. 
h  h  h  h 


The  way  in  which  the  different  coils  are  put  in  circuit  is 
shovm  by  Fig.  3.  The  ends  of  the  several  resistances,  e,  c^c^"  " 
are  connected  between  the  brass  blocks,  6,  &,  6,  •  •  •  •  Any  of  the 
coils  can  then  be  cut  out  of   the  circuit  between  the   first  and 


12 


DANDBOOK   OF   ELECTRICAL  TESTING. 


last  blocks,  by  ioaorting  plugs,  p,  as  shown,  whicli  ehort-oirooH- ' 
the  coila  between  them ;  thuB,  if  all  the  pings  were  inserted,  there 
would  bo  no  reBistaDoe  in  ciruuit,  and  if  all  the  pings  were  OQt,  all 
the  ooils  would  be  in  circuit. 

14.  There  are  various  ways  of  arranging  the  coils  in  sets;  one 
of  the  moat  common  is  that  shown  in  outline  by  Fig.  4,  and  in 
general  view  by  Fig.  5.     This  form  is  tnuch  used  in  submarioo 


'  cable  testing.  The  braes  blocks,  here  shown  in  pi  tin,  are  screwed 
down  to  a  plate  of  ebonite,  which  forms  the  top  of  the  box  in  which 
the  ooils  are  onclosod.  Tho  ebonite  b".>bbiuB  are  fixed  to  the  lower 
surface  of  the  ebonite  top,  the  ends  of  the  wires  Iwing  fixed  to  the 
screws  which  sccnro  the  brass  blocks.  Tho  holes  Bbown  in  the 
middle  of  the  brass  blocks  are  convenient  for  holding  the  plugs 
that  are  not  in  ubo. 

It  will  be  seen  that  sii  tenninals,  A,  B,  C,  D,  E,  F,  are  pro- 
vidi-d  ;  when  we  imly  reijuire  to  put  a  resistance  in  circuit,  tho 
two  terminals  D  and  E  would  be  used.  The  use  of  tho  other 
terminals  and  of  tho  movable  brass  strap  S,  will  be  explained 
hereafter. 

15.  In  using  a  act  of  resistance  coils,  one  or  two  precautions 

I  are  necessary. 

First  of  all,  it  should  be  seen  that  the  brass  shanks  of  the 
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pings  are  clean    and    bright,  a«    the    inserHou    of  a    dirty  plug 
will  not  entirely  short-circuit  the  coil  it  is  intended  to  cut  out. 
It  is  A  good  plan,  ocooBionally,  to  give  the  plugs  a  scrape  with 
piece  of  glass  or  emery  paper,  taking  core  to  rub  off  any  grail 
of  grit  which  may  remain  sticking  to  them  after  this  has 
done. 

When  a  plug  is  inserted  it  ahould  not  be  simply  pushed  i: 
ihc  holo,  but  a  twisting  mfition  should  be  given  it  in  doing  so, 
tUat  good  contact  may  bo  ensured ;  too  much  force  should  not  be 
used,  as  the  ebonite  tops  may  thereby  be  twisted  off  in  extracting 
the  plugs,  (-'are  also  should  be  taken  that  the  neighbouring  plugs 
are  not  loosened  by  the  Gngera  catching  them  during  the  operation 
of  shifting  a  ping. 

Before  commencing  work  it  is  as  well  to  give  all  the  plugs  n 
tirist  in  the  holes,  so  as  to  ensure  that  none  of  them  are  left  looao. 
On  no  account  must  the  plugs  be  greased  to  prevent  their  sticking, 
and  their  bniaa  shanks  should  be  touched  as  little  as  possible  with 
the  fingers. 

16.  For  taking  the  insulation  resistance  of  a  line  in  the  manner 
described  in  the  last  chapter,  suoh  an  elaborate  set  of  ouils  is  not 
of  course  wanted.  A  single  coil  of  a  resistance  of  1000  ohms  in  a 
box  with  two  tenainals,  to  which  the  ends  of  the  coils  are  attached, 
is  all  that  is  required. 

17.  One  of  the  moat  useful  sets  of  coils  for  general  purposes  is 
represented  in  outline  by  Fig.  C,  and  in  general  view  by  Fig.  7. 
The  general  arrangement  of  resist- 
ances, it  will  be  seen,  is  the  same  ^la.  6, 

as  that  shown  by   Fig.    4.     Two 

keys,  however,  are  provided  (drawn 

in  Fig.  C  in  elevation,  for  distinct- 

uesB).      The  contact  point  of  the 

right'hand  key   is    connected,  as 

shown  by  the  dotted  line,  with  thr 

middle  brass  block   of  the  upper 

Oct  of  resistances,  the  terminal  B' 

at  the  end  of  the  key  corresponding 
I    fact,  when  the  key  is  pressed 
Ti,  with  the  terminal  B  shoira 
s  Fig.  4,    la  like  manner  the  terminal  A'  corresponds  with  the 
"'terminal  A,     Jn  the  place  of  the  movable  strap  of  brass  between  A 

and  D  (Fig.  4j,  a  plug  marked  INF.  (infinity)  is  provided,  which 

answers  the  same  purpose ;  an  infinity  plug  is  also  placed  at  the 
-.fiiKt  Ijend  of  ihe  coils  ou  the  right  hand  of  the  fijguie. 


F 
wrn 

^.fint 
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When  we  require  Kimply  to  insert  a  reKistance  in  a  circuit, 
we  should  use  tbe  tenniuols  A'  nnd  E,  the  left-hand  key  bciug 
Iireeaed  down  when  the  defleatiou  of  the  galvanomeler  ueedle  is 
to  be  noted.     The  cuiTent  ciin  thus  he  conveniently  out  -iff  or 


put  on  when  refiuired,  by  releaeing  or  depi-essing  the  key.  Core 
ehonld  be  taken  that  the  two  infinity  plugs  are  firmly  in  their 
places,  to  ensure  their  making  good  contact.  For  the  same  purpose 
the   key   coiitacls   sliould    Im    occasionally   cleaned   by   drawing 


Another  Bet  of  coils,  known  as  the  "  Dial "  pattern,  is  repro- 
itni  in  general  view  by  Tig.  S  ;  these  will  be  again  referred  to 
icvifior  (Chapter  VIII).     In  this  pattern  (aa  will  be  seen  from 
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BESIBTASOK  rniLR. 

A  Fig.)  ten  l>niBB  blocko  are  arrangetl  radialty  aronnd  e.  c^utrn 

ular  block.     (Ine  Jiandvantage  of  tlic  arraTigement  is  that  it  is 

ridifficult  to  clean  the  surface  of  the  ebonite  on  which  the  braas 

Morks  are  montited ;  in  a  eomewhat  fdmilar  pattern,  deeigned  by 

Dr.  Mnirhead  and  shown  by  Fig.  9,  this  disadvantage  is  got  over 


y  snbetimting  a  rectangtilar  bar  for  the  central  circular  lilook, 
*  and  arrangiug  five  of  the  brasa  blocks  in  a  row  on  one  side  and  five 
on  the  other  side  of  the  same.  By  this  arrangement  a  piece  of  rag 
can  easily  be  passed  between  the  blocks  and  the  central  bar,  and 
the  surface  of  the  ebonite  on  which  the  blocks  and  bar  are  mounted 
be  readily  cleaned. 
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18.  Fig.  10  shows  a  set  of  coils  similar  in  general  e 
tat  to  Fig.  8,  bnt  in  which  the  various  resistances  are  brought  ' 
1  circuit  by  turning  finger  knobs  instead  of  shifting   plugs. 
■  qutckneM  of  manipulation  this  arrangement  ia  very  Butisfactorj-, 
t  it  ia  dtmi/tfaJ  whether  the  objection  raised  againat  XVq  «&i:a«. 


-■4 

lugs, 
itorj'. 
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viz.  that  the  lever  arms  tumed  by  the  finger  knobs  are  liable 
not  to  luake  gom)  contact  with  the  studs  against  which  thoy  press, 
ia  really  a  valid  one. 


Slide  Resistance  Coils, 
19.  Pig.  11  nhnws  the  principle  of  thin  method  of  a 
Resiatance  Coils. 

The  coils,  which  are  generally  all  of  equal  value,  ai-e  coniiected 
between  brass  blocks,  as  in  Fig.  3,  but  instead  of  plugs  being 
inRerted  between  the  blocks  to  cut  the  various  coils  ont  of  circuit. 


Pio.  II. 
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B  stidiug  piece,  B,  is  pi-ovided,  which  can  be  moved  along  a  rod 
with  which  it  ia  in  connection.  The  slider  has  a  spring  fixed  to 
it  which  presses  against  the  lii'oes  blocks;  it  is  evident,  then,  that 
any  required  resistance  can  be  inserted  between  A  and  B,  that  is, 
between  A  and  a  terminal  fixed  to  the  end  of  the  rod,  by  simply 
sliding  the  piece  B  along  the  rod. 

The  object  of  arranging  the  coils  in  this  manner  is  more 
particularly  to  enable  the  ratio  of  A  B  to  B  C  to  be  varied,  whilst 
the  sum  of  the  two,  that  is  to  say  the  whole  length,  A  C,  remains 
instant ;  this  ia  aometimes  required  to  be  done. 

These  coils  are  sometimes  act  iu  a  circle  instead  of  a  straight 
line,  the  contact-pieco  B  being  a  spring  forming  a  radius  of  the 
circle.    This  is  a  very  compact  and  useful  arrangement 

20,  For  some  tests  a  long  straight  wire  of  German  silver  or 
other  metallic  compound  is  eioployed  in  the  place  of  the  resistance 
coils.  It  is  important  that  this  wire  should  be  made  of  a  per- 
fectly uniform  alloy,  and  should  be  of  the  same  diameter  through- 
out, so  that  its  resistance  may  be  directly  proportional  to  its 
length  ;  thus,  if  the  slider  were  at  the  middle  point  of  the  wire, 
the  resistance  on  each  side  should  be  exactly  the  same. 

If,  as  is  sometimes  the  case,  it  is  required  lo  use  a  long  wire 
of  this  kind,  it  would  bo  inconvenient  to  have  it  straight;  in 
such  a  case,  therefore,  the  wire  is  wound  spirally  on  u  cylinder  of 
ebonite  or  other  insulating  material,  the  two  ends  being  connected 
to  the  metal  axes,  these  latter  being  in  connection  with  t«rmiualB^ 
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llie  alidiag  oontaot-pieoe  is  moved  along  parallel  with  ihe  axM 
if  the  oyUniler  by  a  ecrew  wKicli  gears  witli  tbe  cytimler,  and 
whicli  ia  therefore  Tovolved  by  the  handle  which  turns  the  latter; 
the  oontftct  of  the  slider  with  the  wire  is  made  when  required  by 
preBBing  the  former  with  the  finger.  The  arrangement,  in  fact, 
d  form  of  Jacobi's  Eheoetat, 


The   Th(mson-JoUn   Rheoilat. 

This  appanttus,  which  is  eliown  by  Fig,  12,  was  deTised 
ly  Lord  Kelvin  (Sir  William  Thomson)  and  Mr.  P.  JuUn,  of 
Bristol,  and  in  a  valuable  modiCcation  of  the  original  rheostat  of 
Wheatstone,  the  apparatus  being  entirely  free  from  tbe  defects 
which  cbaraoterised  the  latter  instrument. 


!  In  tbJB  rheostat  tbe  wiie  is  gnided  between  the  cylinders, 
ft  to  he  laid  on  them  spirally,  by  means  of  a  travelling  nut  i 
■  long  screw.  The  screw  is  turned  by  tbe  handle,  and  carries  a 
died  wheel  which  gears  into  two  olber  toothed  wheels;  one  of 
»  latt«r  turns  one  of  the  cylinders,  and  the  other  a  loose  shaft 
caiTj'iug  the  other  cylinder ;  a  spring  fixed  to  this  shaft  acts  on 
the  last-named  cylinder  which  surrounds  it  on  the  principle  of 
the  main  spring  of  a  watch.  By  this  arrangement  the  wire  is 
kept  tightly  stretched,  and  the  barrels  can  be  turned  backwards 
or  furwards  withont  the  wire  becoming  slack.  The  guiding  nut 
is  aim  arranged  to  stop  the  motion  of  the  screw  shaft  at  each  end 
^d  the  range,  and  so  prevent  tJie  possibility  of  over-winding, ;  iX 
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also  Games  an  index,  which  moves  along  a  gradnated  Bcale  and 
indiciatos  the  number  of  tuma  of  wire  on  the  inanlating  cylinder. 

The  conducting  cylinder  and  the  wire  are  both  of  "  platinoid," 
a  metallic  alloy  which  has  been  recently  introduced,  and  which 
lias  properties  which  make  it  specially  suitable  for  the  purpose. 
It  has  very  high  electric  resiBtauce,  very  small  temperature 
variation  of  reaistaDce  (as  hae  previously  been  pointed  out  on 
p.  10),  and  it  remains  with  its  surface  almost,  if  not  altogether, 
uutamiahed  in  the  air.  On  account  of  the  last-named  property, 
the  contact  between  the  wire  and  the  condncting-cylinder  is  aa 
perfect  aa  can  be  desired ;  and  continuity  of  action,  which  was  a 
groat  difficulty  in  the  old  Wlieatstcne  instrument,  is  (according 
to  Lord  Kelvin)  absolutely  complete. 

22.  It  is  evident  that  a  much  finer  adjustment  of  resistAOOe 
can  be  obtained  by  the  slide  wire  than  by  tho  slide  resistance  coils, 
but  inasmuoh  as  the  length  of  the  wire  and  the  smallnees  of  its 
diameter  must  be  limited,  it  does  not  admit  of  very  large  varia- 
tions of  reeietanoe  Ijeing  obtained.  By  combining,  however,  s 
slide-wire  resistance  with  plug  resistance  coils,  this  difficulty  can 
be  got  over,  though  in  tests  which  we  shall  describe  it  is  pre- 
ferable to  use  the  slide  coils. 

23,  Slide  resistance  coils,  though  voxy  convenient,  are  not 
a1:ffiolately  necessary  for  varying  the  ratio  of  the  reBistances  in 
the  manner  described ;  for  it  is  evident  that  A  B  and  B  C  (Fig-  11) 
could  be  two  sets  of  resietauco  coils  in  which,  to  adopt  the  slide 
resistance  principle,  the  resistances  would  have  to  be  inoreosed  in 
one  set  and  diminished  in  tho  other,  or  vice  vcrsA,  care  being  taken 
that  the  same  resistance  is  added  in  one  set  as  is  taken  out  in  the 
other.  


(    19    ) 


CHAPTER  IIL 

GALVANOMETERS. 

\  24.  For  the  cluss  of  test*  in  which  it  is  required,  1^  ftdjusting 

nwishtncee,  to  bring  the  needle  to  zero,  and  where  great 

pmtivencias   is  not  required,  the  Bimple  form  of  galYanometer 

a  by  Fig.  13  is  very  nnefal ;  it  is  a  pattern  used  in  the  Postal 

raph  Department  in  connection  with  testing  hy  the  Wheat- 

>  llridge  (Chapter  VIII.).     In  this  inBtmment  there  is  but 

t  needle  (within  a  ooU).  a  light  index  pointer  being  fixed  at 

^t  sngW    to   the   same,    and   the   whole  having  a  compass 


I  ca«es,  however,  where  testa  of  the  kind  deecribod  on 
t  2  have  to  be  made,  a  different  claaB  of  instrument  is 

^;  the  form  shown  by  Fig.  14  is  a  convenient  and  uae- 

1  OB«  for  anch  pnrpOBcs,  the  scale  being  graduated  to  degrees. 

I    inBtmmeut  is   provided   with    an    astatic  pair   of    needlea 

[Moded  by  a  cocoon  fibre,  the  end  of  thi^  latter  being  altaohei. 

I  a  pUiti  oftnoUJ  ivauoorml  to  a  screw,  by  Hic  twisting  *iS.  wWtVi 

C  i 


r 
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tliQ  needles  oan  be  lowered  down  on  to  the  coil,  bo  tbiit  than 
would  be  no  danger  of  tho  fibre  being  fractured  when  the  instni' 
ment  has  to  be  moved  about. 

When  the  galvanometer  is  to  be  used  it  should  be  placed  on 
a  firm  table,  and  the  screw  connected  to  the  fibre  turned  untU  the 
ueedles  swing  clear  of  the  coil.  The  instnunent  should  then  be 
placed  in  such  a  position  that  the  top  needle  stands  as  nearly  m 
poseiblo  over  the  zero  points.  It  should  next  be  carefully  levelled 
by  means  of  the  levelling  Kcrews  attached  to  its  base,  nntU  the 
metal  axis  which  couucots  the  two  needles  together  is  exactly  in 
the  centre  of  the  hole  in  the  scale-card  through  which  it  paasea. 

The  adjustment  of  the  needles  to  zero  is  much  facilitated  in  the 
instrument  by  making  the  coil  movable  about  the  centre  of  the 
scale-card  by  means  of  a  simple  handle  attached  direct  to  the  ooQ. 
The  final  touch  oau  thus  be  given  without  shaking  the  needles, 
which  would  render  exact  adjustment  difEotilt, 

In  some  galvauometcrs  there  is  a  scale  graduated  to  d^ncs 
attached  to  the  coil,  so  that  the  angle  through  which  it  is  turned 
can  be  seen  if  required.  This  scale  is  employed  when  using  Hit 
instrument  as  a  Sine  galvanometer. 

The  Sine  Galvanometer. 

26.  We  before  stated  that  the  strengths  of  cun-ents  prodnoing 
certain  deBections  are  not  directly  proportional  to  those  defieo- 
tions,  but  to  some  function  of  them,  such  as  the  tangent.  In 
measuring  strengths  of  currents  by  means  of  a  aine  galvanometw 
we  proceed  as  follows  : — 

The  needle  is  first  adjusted  to  zero.  The  current  wfaoee 
strength  is  tu  be  measured  is  then  allowed  to  flow,  and  a  deflecUon 
of  the  needle  produced.  The  coil  is  now  turned  round ;  this  cunsee 
tho  needle  to  diverge  still  loore  wilh  respect  to  the  stand  of  the 
instrument,  but  the  angle  which  it  makes  with  the  coil  becomes 
less  the  farther  the  latter  is  turned,  and  finally  a  point  is  reached 
at  which  the  needle  is  again  parallel  to  the  coil — that  Ih,  its  ends 
are  again  over  Ibe  zero  points  on  tho  scale  card.  The  reason  of 
this  is,  that  the  deflective  action  of  the  coil  on  the  noodle  is  alwasra 
the  same,  provided  the  current  strength  dues  not  vary,  hut  the 
farther  the  needle  moves  from  tho  magnetic  meridian,  the  greater 
becomes  its  tt^ndeticy  to  I'eturn  to  that  meridian,  and  finally  when 
the  needle  liecomea  parollel  to  tho  coil,  the  dofiective  force  of  the 
lalter  exactly  balances  the  reactive  force  of  the  earth's  magnetism, 

Tho  strength  of  the  current  which  produces  the  deflection  of 
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Uie  needle  will  then  be  directly  proportional  to  the  sine  of  the 
angle  through  which  the  coil  has  been  tamed. 

The  sine  galvanometer,  though  but  rarely  used,  is  a  very 
aocnrate  instmrnent,  in  so  far  that  its  results  are  entirely  inde- 
pmident  of  the  shape  of  the  coil,  size  of  the  needle,  &o.  The  only 
precaution  necessary  is  to  see  that  when  the  needle  is  at  zero  at 
starting  it  is  brought  back  exactly  to  zero.  Indeed,  it  is  not 
ahsdlntely  necessary  that  the  starting  point  be  zero — the  law  of 
the  ftiiet  holds  good  if  the  needle  be  at,  say,  5°  when  commencing, 
bat  in  this  case,  by  the  turning  of  the  coil,  the  needle  must  be 
brought  back  to  5%  and  not  to  zero. 

• 

The  Tangent  Galvanometer. 

27.  The  tangent  galvanometer,  which  is  perhaps  the  most 
osefol  and  convenient  instrument  for  general  purposes,  consists 
essentially  of  coils  of  wire  wound  in  the  deep  groove  in  the  cir- 
cumference of  a  circular  ring,  a  magnetic  needle  being  placed  at 
the  centre  of  the  latter  over  a  graduated  circle.  The  length  of 
this  needle  must  be  small  compared  with  the  diameter  of  the  coils 
so  as  to  ensure,  as  far  as  possible,  the  magnetic  influence  of  the 
current  on  the  needle  being  the  same  at  whatever  angle  the 
needle  may  be  with  respect  to  the  coil.  Theoretically,  to  effect 
this  result,  the  magnet  should  be  a  mere  point,  but  this  is  of 
course  impossible,  and  practically  it  is  sufficient  for  the  coil  to 
be  eight  or  ten  times  as  large  in  diameter  as  the  length  of  the 
needle.  Upon  the  influence  of  the  coil  on  the  needle  being  the 
same,  whatever  angle  the  needle  takes  up  with  respect  to  it, 
depends  the  truth  of  the  proposition,  that  the  strength  of  currents 
eireulaiing  in  the  coil  are  directly  propoi'tional  to  the  tangents  of  the 
angles  of  deflection  of  the  needles.  For  a  6-  or  7-inch  ring,  a  needle 
about  three-quarters  of  an  inch  in  length  is  a  convenient  size,  and 
givcii  sufficiently  accurate  results  for  all  practical  purposes.  The 
needle  must  be  so  placed  that  its  central  point  is  at  the  axis  of  the 
the  coils,  and  also  in  the  same  plane  with  them. 

28-  The  principle  of  the  instmrnent  is  as  follows  : — 
Let  n<  (Fig.  15)  be  the  needle  in  its  normal  position,  i.  e.  the 
position  where  it  is  parallel  to  the  magnetic  meridian,  and  also 
parallel  to  the  ring  or  coils.  Let  n^  s^  be  the  position  the  needle 
takes  up  when  deflected  by  the  action  of  the  coils.  Draw  c  d  at 
right  angles  to  n^  »i  making  c  n^  equal  to  n^  d  ;  draw  a  c  and  d  a^ 
each  at  right  angles  to  cd;  also  draw  n^  a  parallel  to  n «  and  w^  a^ 
at  right  angles  to  ns.    Now  the  position  which  the  need\e  \.^^^ 
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up  ia  due  to  the  faot  that  the  deflective  action  of  the  coils,  and  tll» 
directive  force  of  the  earth's  magnetism  when  resolved  at  right 
angles  to  the  needle,  are  equal  and  opposite  in  effect.  The  first  of 
these  forces  /„  acts  at  right  angles  to  »»,  and  the  second, /,.  acts 
parallel  to  n  « ;  then  if  a  nj  and  rtj  Mi  repro- 
FiG,  15.  Hont  the  forces /[  and /i respectively,  en, and 

•I  n,  will  represent  the  resolved  forces  at 
right  angles  to  n^ «,,  which  foroes  are  eqnal 
since  eijwilibriuiu  is  produced ;  let  tUdr 
value  be  /.  Now  sinco  a  n,  is  parallel  to 
n o,  and  o e  paraltol  to  jii o,  the  angle  cow, 
is  eiiual  to  the  angle  o^  ;  '  also  since  «,  o,  is 
perpendicular  to  n  o,  and  n,  d  is  perpendi- 
cular to  n,  o  the  angle  a,  n,  d  ie  equal  to  the 
angle  a".     We  couaequpntly  have 


therefore 


/■-/,•- 


/.« 


=  /,  sin  «% 


=  /,  Un  r,^  ; 


hut  /,  (the  direotive  force  of  the  tarth's  magnetism)  is  constant, 
therefore/,  (the  deflective  force  of  the  coils)  is  proportional  to  tan 
a°,  that  is  lo  say,  the  current  strength,  C,  in  the  ring  or  ooils  is 
proportional  to  tan  a°,t  or 


29.  Fig.  16  shows  a  form  of  Ungent  galvanometer  which  is 
used  by  the  Postal  Telegraph  Department.}     The  magnetic  needle 

*  '  EuoUd,'  Book  i.  prop.  3 1. 

t  Profeaeor  J.  1'.  Joule  oiid  ProfeiiBar  Jack  point  out  in  vol.  vi.  pp.  133,  117, 
and  161,  of  the  ■  Prooeedinga  of  tlie  Hanolieiler  Lilcrnry  and  Philoaiphlnl 
Sooiety,'  tliBt  if  tbe  neudlv  bo  of  a  aotuiderable  leiif^ti,  tlieo  if  a'^  l>e  ttic  au^gla 
of  defluatioD,  I  the  magiulie  luugtli  of  the  ueedlu  (gcnerully  nbout  l  of  ttie  aotiuJ 
length),  and  d  Ihe  mag^tetic  diametei  of  tho  ooil.  the  eorrection  to  bo  supplied  to 
'-'         ileofdi-flt-"-" 


the  lungeitl  of  tiii)  nngle  of  di;Bai:tian  it 
Kit' 


-»?, 


which  oonectiun  ia  additive  at  great  deOcctious,  nod  BubtracUve  at  «i 
At  a  oertaiD  deflation  thii  correction  tuiIbIim,  that  ia  to  say,  we  ' 
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lioh  is  }   of  an  inch  long)  has  a  long  pointer  of  gilt  coppc 
at  fire  inches  long,  fixod  at  right  angles  to  it ;  when  the  neodlfl 


H  paraltol  to  the  coil,  Oftch  end  of  this  pointer  is  over  the  zero  of  a 
[taduated  aoal«.    One  of  tb£»e  iwsles  is  divided  to  tia«  d(i^w>«. 
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I  and  the  other  to  mimbera  proportional  to  the  tangent  of  thom 
}  that  if  we  read  off  two  deflections  from  the  degrees 
[  Bcale,  the  other  extremity  of  the  pointer  will  indicate,  approxi- 
I  mately,  uumbere  proportional  to  the  tangents  of  thoee  two  degreM 
I  of  deflection. 

Now  as  the  gtrengthe  of  currents  producing  certain  deflections 

I  are  proportional  to  the  tangents  of  the  degrees  of  thoee  deflections, 

e  read  off  from  the  degrees  scale  wo  must,  as  we  have  explained 

in  Chapter  I.  (§  12,  page  7).  reduce  the  degrees  to  tangents,  from 

a  table  of  tangents,*  before  working  out  a  forinala  which  h&s 

reference  to  the  streogths  of  currents.     If,  however,  we  read  oflF 

from  the  tangent  scale,  no  reduction  is  necessary,  and  the  numben 

n  be  at  onco  inserted  in  the  formula. 

To  avoid  parallax  eiTor,  in  oonaequenoe  of  the  needle  being 

elevated  abuve  the  scale,  a   piece   of  looking-glass  is  filed  close 

to  the  tangent  scale,  bo  that   when  we  look  at  the  end  of  the 

needle  and  see  that  the  reflected  image  of  the  pointer  coincides 

'   with  the  pointer  itself,  wo  know  that  we  aro  looking  at  the  end 

[  of  the  pointer  perpendicularly  with  the  scale. 

As  the  instrument  is  generally  only  provided  with  a  looking- 
glass  near  the  tangent  scale,  it  is  necessary  when  reading  off  from 
the  degrees  scale  to  run  the  oyo  along  the  pointer  to  the  luoking- 
glaas  end,  and  see  wbothor  the  reflected  imago  corresponds  with 
inter  at  that  end  ;  if  it  does,  we  may  be  sure  that  when  we 
look  at  tlio  degrees  scale  we  do  bo  correctly. 

.  Before  using  the  galvanometer  it  should  be  seen  that  the 

poiuler  has  not  l>(<come  lient,  but  stands  at  right  angles  to   the 

iiid  that  when  suspendod  it  turns  freely.     On  no  account 

should  the  magnet  suspension  be  oiled,  as  quite  the  opposite  effect 

to  what  is  intended  will  be  produced  by  so  doing.     Care  should  be 

I   taken  that  the  scule  is  in  its  proper  position,  so  that  when  the  two 

.   ends  of  the  pointer  are  over  the  zero  points,  the  pointer  stands  at 

mgloB  to  the  ooila.    The  correct  settiug  of  the  position  of  the 

'  scale  with  reference  to  the  coil  is  a  mechanical  adjnstuient  whiob 

when  once  proi)erly  effeoted  is  not  lidely  to  alter;  it  is,  however, 

as  well  to  verify  its  con-ectncss  by  means  of  a  set  square  before 

the  instrument  is  brought  into  general  use.     The  pointer  atbtohed 

to  the  uiagnetio  needle  is  very  subject  to  accident,  and  is  often 

badly  adjusted.     The  correctness  of  the  setting  can  be  verified  by 

placing  the  galvanometer  so  that  tbe  pointer  stands  at  zero,  and  then 

I  sending  a  current  through  the  coil  fiirBt  in  one  direction  and  then 
in  the  other.     The  deflections  on  either  side  of  zero  in  this  0 
•  Tdblo  1. 
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akodld  be  equal ;  if  ihej  are  not,  the  position  of  the  pointer  rela- 
tive to  the  needle  shonld  be  readjusted  nntil  the  required  equality 
of  defleotioiis  on  either  side  of  zero  is  obtained.  Care  should  be 
taken  wlien  making  this  adjustment  to  place  the  instrument  clear 
of  any  unequally  distributed  masses  of  iron,  otherwise  unequal 
deflections  may  be  obtained  although  the  pointer  and  magnet  are 
correctly  set. 

Angle  of  Mducimum  Senntivenets. 

31.  In  using  the  tangent  galvanometer  it  is  always  as  well 
to  avoid  obtaining  either  very  high  or  very  low  deflections.  The 
reason  of  this  is,  that  any  small  change  in  the  strength  of  a  current 
traversing  the  galvanometer  will  produce  the  greatest  effect  on  the 
needle  when  the  latter  stands  at  some  deflection  which  is  neither 
very  high  or  very  low.  The  galvanometer  is,  in  fact,  most  sensi- 
tive when  the  needle  points,  under  the  influence  of  a  current,  at 
that  deflection. 

Thus,  for  example,  suppose  we  had  a  current  which  produced 
a  deflection  of  5%  and  this  current  was  increased  say  by  i^th,  then 
the  deflection  would  be  increased  to  5°  30',  because 

tan  5°:  tan  5° 30' ::1  :  1^. 

Next,  suppose  the  needle  stood  at  80^,  and  the  current  was,  as 
before,  increased  by  iV^'  ^^^  ^^^  deflection  would  be  increased  to 
80°  54',  for 

tan  80°  :  tan  80°  54'  :  :  1  :  1^. 

Lastly,  let  us  suppose  the  needle  stood  at  43°,  then  by  the 

increase  in  the  current  the  deflection  would  have  changed  to 

45°  43',  for 

tan  43°  :  tan  45°  43'  :  :  1  :  l^V- 

In  the  first  case,  then,  when  the  deflection  was  low,  the  increase 

was 

5°  30'  -  6°  =  30'; 

in  the  second  case,  when  the  deflection  was  high, 

80°  64'  -  80°  =  64' ; 

and  in  the  third  case,  when  the  deflection  was  of  a  medium  value, 

46°  43'  -  43°  =  2°  43'. 

What,  then,  is  the  deflection  at  which  this  increase  is  greatest  ? 
The  point  to  be  determined  is,  what  deflection  is  increased 
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most  by  any  small   alteration  in  the  enrrent  producing  that 
deflection  ? 

If  G  be  a  enrrent  giving  a  deflection  of  o^^  and  C^  a  current 
a  little  stronger,  say,  which  increases  this  deflection  to  (aj^+S^), 
we  have  to  And  what  value  given  to  a^^,  makes  8°  as  large  as  pos- 
sible when  0  and  0^  are  very  nearly  and  ultimately  equal. 

We  have 

C  :  Ci  :  :  tan  ai°  :  tan  (ai  +  S^), 

therefore 

tan  (ai°  +  8**)  =  ^  tan  al^  [A] 

Now  we  have  to  make  8^  a  maximum,  supposing  that  the  fore- 
going equation  holds  good. 

Since  8°  is  to  be  a  maximum,  tan  8^  must  also  be  a  maximum. 
Now 

X      /   o  I  ^\        tan  a^  +  tan  8°       Ci  ^        © 

tan  (ai°  +  8°)  =    T^—^ — ^  =  ^*  tan  a^^, 

1  —  tan  ai   tan  8°      C 

therefore 

tan  a,°  +  tan  8°  =  ^tan  ai°  (1  -  tan  ai°  tan  8^),  ^ 

therefore 

tan  8°  (l  +  gl  tan^  a^^^  =  tan  a^^  (^  -  lY 

therefore 

tana,°(^'-l)              J;-'-l 
tan  8°^ J^ ^  =      ^ [B] 

We  have  then  to  And  what  value  of  tan  a^^  makes  this  fraction 
a  maximum,  and  this  we  shall  do  by  finding  what  value  makes 
the  denominator  of  the  fraction  a  minimum.    Now 

and  this  will  be  a  minimum  when 


that  is,  when  _ 
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n 

but  as  Ci  and  C  are  ultimately  equal,  ^  becomes  equal  to  1, 

UierefoTe  ___ 

tan  ai**  =  Vl  =  1  =  tan 45° 

32.  We  see,  then,  that  in  order  to  make  the  tangent  galvano- 
meter as  BonsitiYe  as  possible  we  should  obtain  the  deflection  of 
its  needle  as  pear  45°  as  possible;  45°  is,  in  fact,  the  angle  of 
maximum  seMitivenesa, 

Every  galvanometer  has  an  angle  of  maximum  sensitiveness, 
although  it  is  not  the  same  in  all.  The  angle  can,  however,  be 
found  experimentally  (see  *  Calibration  of  Galvanometers,'  p.  46), 
and  should  be  marked  on  the  instrument  for  fature  reference. 

33.  If  we  require  to  adjust  two  currents  in  two  different 
measurements  so  that  they  should  be  equal  in  both  cases,  it 
is  evident  that  the  needle  of  the  galvanometer  employed  to 
measure  them  should  in  each  case  show  the  same  deflection.  In 
making  the  two  measurements,  we  take  the  deflection  obtained 
by  one  current  as  the  standard,  and  then  in  making  the  second 
measurement  we  adjust  the  current  until  the  same  deflection  is 
obtained.  Now  the  accuracy  with  which  this  current  can  be 
adjusted  depends  upon  the  sensitiveness  of  the  galvanometer  to  a 
change  in  the  strength  of  the  current,  and  we  have  seen  that  this 
sensitiveness  is  at  a  maximum  when  the  deflection  is  45°.  If, 
therefore,  we  employ  a  tangent  galvanometer  for  such  a  test  as 
that  just  mentioned,  we  should  endeavour  in  both  measurements 
to  bring  the  needle  to  45°. 

34.  In  what  way  can  the  property  of  the  galvanometer  be 
taken  advantage  of  when  comparing  two  deflections  ? 

We  must  in  such  a  case  endeavour  to  obtain  both  deflections 
as  near  to  45°  as  possible.  To  do  this  we  should  have  to  get  one 
deflection  on  one  side,  and  the  other  deflection  on  the  other  side, 
of  45°.  But  then  the  question  arises,  should  wo  get  the  deflectic«i8 
at  an  equal  distance  on  either  side,  or  one  closer  to  the  45°  than 
the  other,  and  if  so,  should  the  higher  or  tlie  lower  deflection  be 
the  closer  of  the  two  ? 

Now  a  little  consideration  will  make  it  clear  that  if  the  two 
deflections  in  question  are  taken  either  near  0°  or  90°,  they  will 
be  much  closer  together  than  if  they  were  taken  near  45°,  for  the 
reason  that  the  tangents  of  high  or  low  deflections  differ  more 
widely  from  one  another  than  do  the  tangents  of  medium  de- 
flections. But  we  have  shown  that  when  deflections  are  higji 
or  low,  any  increase  or  decrease  in  the  strength  of  tho  cwTi*^u\ 
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eflections    I 


producing  those  deflections  haa  lesa  effect  than  when  the  deflections 
are  of  a  medium  value.  It  is  therefore  evident  that  it  is  most 
advantageous  to  get  the  deflections  as  wde  apart  as  poesible. 

Let  then  tan  ff^  represent  the  stronger,  and^tan  ^^  the  weaker 
current,  and  let  one  current  be  n  times  as  strong  as  the  other. 
We  then  have  to  find  what  values  of  6°  and  ^  make 


a  toaximum,  BuppoBing  that 

tan  ff'  =n  tan  ^°. 

If  in  the  last  investigation  we  substitute  0^  - 

and  n  for  W,  we  can  see  that  in  order  to  get  the  required  result 

e  must  make 


4>°  for  8°,  1^°  for  oi". 


and,  B. 


:  n  tan  itt", 

tan  e"  =  - 


)  to  be  twice  as  great  as  the  t 
fan  fl°  =  ^2  =  1-41421  =  tan  54°  44'  =  tan  543°, 
■70711  =  tan  35°  16'  =  tan  35J°. 


le  current  strength  i 
:  2  J  ooneequently, 


tan  <!>' 


■/2 


These,  then,  are  the  doSections  that  theuretically  it  is  beet  to 
obtain  in  making  a  teat  with  a  tangent  galvanometer  in  whidj 
one  current  is  to  be  twice  as  strong  as  the  other.     Bnt  practically 

>  may  make  the  deflections  55°  and  35J°,  as  those  are 
convenient  to  adjust  to,  and  tau  55'^  is,  within  1',  exactly  douUe 
tan  35^°.  "^ 

If  we  examine  the  theoretical  deflections  54°  44'  and  35' 
trill  be  Been  that 

64°  44'  -  45°  =  9°  44', 


46'' 


-36°  IG'  =  9"  44'. 


ically 

I 

5   ue     J 


or  in  other  words,  the  angular  deflections  on  either  aide  of  4fi' 
in  this  case  the  same.     Let  us  then  see  whether  they  are  so  whoD 
n  has  any  value  otber  than  2. 
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The  angular  deflection  between  45°  and  0°  will  be 

(P  -  46^ 
that  between  45^  and  ^^^ 

45'^-<^«; 

*      /^       ^fcov      tan  ^  -  1 
nowtan(0°-.46)  =  ^P^P^^, 

and  tan  (45°  -  0°)  =  \^,^^^\\ 
^  y*  y       l+tan</»°' 

but  we  knew,  since 

tan  ^  =  V»  and  tan  ^  =  — t=i 


that 


that  ifl 


tan</»°  =      ^ 


1  - 


tantf°' 
1 


that  is 
or 


*an^       tan^-1 

tan^ 
tan  (45°  -  </»°)  =  tan  (d°  -  45°), 
45°  -  </»°  =  ^  -  45° ; 


showing  that  these  angular  deflections  are  the  same  whatever  be 
the  valne  of  n. 

This  is  a  very  nsefol  fact,  as  it  shows  that  when  we  are  making 
a  test  in  which  two  deflections  are  involved  whose  relative  values 
are  unknown,  we  should  so  adjust  the  resistances,  <&c.,  that  the 
deflections  are  obtained,  as  near  as  possible,  at  equal  distances,  on 
either  side  of  45°. 

To  sum  up,  then,  we  have 

Be«<  Co/ndiiiofM  for  using  the  Tangent  Oahanometer, 

35.  When  a  test  is  made  in  which  only  one  deflection  is  con- 
cerned, then  that  deflection  should  be  as  near  45°  as  possible. 

If  there  are  two  deflections  to  be  dealt  with,  then  these  should 
be  as  nearly  as  possible  at  equal  distances  on  either  side  of  45°. 
If  one  of  these  deflections  is  to  he  double  the  other,  tii^u  &&^  ^li^ 
95}^ are  the  moat  convenient  to  employ. 
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Fio.  17. 


8keu  Zero. 

36.  Although  it  is  usual  to  take  the  readings  on  the  tangent 
galvanometer,  starting  with  the  pointer  at  the  ordinary  zero,  i.e. 
with  tho  needle  parallel  to  the  plane  of  the  ring  or  ooils,  yet  it  is 
not  absolutely  necessary  that  Ihig  arrangement  should  be  adopted; 
tho  isetrumeut  can  be  used  when  the 
needle  in  its  normal  position  makos  an 
angle  with  the  plane  of  tho  ring.  Under 
the  latter  conditions,  however,  the  cur- 
rent strength  will  not  be  in  direct  pri>- 
portion  to  the  tangent  of  the  angle  of 
deflection. 

Let  the  dotted  line  AB  (Fig.  17)  re- 

;iresont  tbe  piano  of  the  ooUs,  and  let  k( 

be  the  needle  in  its  normal  position,  i.  e. 

in  tho  plane  of  the  magnetic  meridian; 

also  let  », »,  be  the  position  which    the 

needle  bikes  up  under  tho  influence  of 

I  the  ourrunt.     Let  /3°  be  tbe  angle  which 

the  needle  makes  normally  n-ith  the  ooils, 

and  lot  u"  +  j8°  be  the  angle  through  which  the  needle  turns 

when  defieoted  to  the  position  n, «,. 

Draw  c  d  at  right  angles  to  n,  ■„  m«king  c  n;  equal  to  n,  d; 
draw  e  a  and  d  a,  each  at  right  auglos  to  c  d ;  also  draw  «,  a  parallel 
to  n  «,  and  n,  a  at  right  angles  to  A  B.  Now  since  a  n,  is  parallel 
to  no,  and  ac  parallel  to  ?i,o,  tbe  angle  can,  is  eqnal  to  the  an^ 
a°  -f-  ^ ;  also  siuoe  n,  a,  is  perpendicular  to  A  n,  and  n,  d  is  per- 
pendicular  to  n,  o,  the  angle  a,  n,  d  is  oqual  to  the  angle  a".  We 
consequeutly  have 

/  =  /.  cos  n",  and  /  =/,  sin  (a"  +  fi"). 


therefore 


/a  COB  a. 


n  (a=  +  ^), 


,  sin  a°  COB  jS°  -j-  BJ 


=  /,  (tana"  COB /5°  + sin  ^) 


•  If  tbe  angle  fi°  hnrl  been  ui 
Fig.  17)  of  tlie  ooiU  A  B,  the  n: 
■boatd  Iato  hiul 


i 


r 
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=/,ma^  (tan  a''  +  tan  ^). 


4 


Bit  that  COB  ^  being  u  oonstant  quantity,  the  strPDgtb  of  a  current 
IB  i\ir©ctly  proportional  (page  24)  to  (tan  a"  +  tan  ^),  which  is  tho 
reading  on  tbo  tangent  Boale  (S  29)  if  the  figures  on  tho  latter  aie 
re-arranged  so  that  the  zero  is  at  the  diviaion  at  which  the  needio 
ptHsts  in  ita  normal  position.   Fig,  18  shows  a.  scale  so  ro-arranged, 


8  lieiiig  additional  to  the  old  ones ;  such  a  scale  has 
b«eu  adopted  in  the  tangent  instruments  used  for  testing  purposes 
tu  the  Poet«l  Telegraph  Department.  Apart  from  tho  fact  that  the 
adoption  of  the  foregoing  "skew"  method  of  using  the  tangent 
galTanometer  gives  an  increased  range  to  the  instniment,  a 
niderable  increase  of  sensitivenesB  in  the  case  of  high  deflections 
b  also  obtained  hy  it,  i,  e.  a  current  which  wonld  move  tho  neodio 
P^f  the  instrument  through  a  given  angle  from  tho  old  zero,  wi] 
■  iDOTo  it  through  a  much  larger  angle  from  the  new  or  "  skew 
zero.  This,  however,  is  only  the  case  if  the  first  ongalar  defleotion 
in  question  (the  oue  from  the  old  zero)  exceeds  a  certain  value, 
it  is  leea  than  this  value,  then  the  deflection  for  a  given  cunen' 
will  be  leas  from  the  skew  than  from  the  old  zero. 

het  C  ^  *^Q  angular  deflection  obtained  with  a  given 
when  the  needle  is  deflected  from  the  ordinary  zero,  then 


ven  current 

en  J 


32  nANDBOOK   OF   ELEOTMOAL  TESTMQ. 

but  if  tho  needle  had  been  at  the  ^ew  sero,  thon  with  tbe  same 
ourrent  we  should  have  had 

.in  (.•  +  y) 


» (.-  +  n 


"le  same 

4 


Suppose  we  have  jT  =  60°,  and  suppose  the  current  to  bo  of  such 
a  strength  as  to  turn  the  needle  through  an  angle  of  120°,  then  in 
this  oa»e  a°  =  60°,  and  we  consequently  have 
sin  120° 


but  Bin  120°  =  sin  (180°  -  60°)  =  sin  60°,  therefore, 

008  60 
or 

r  =  60° ; 

that  is  to  say,  the  angle  through  which  the  needle  would  have 
been  turned  when  the  zero  was  60°  to  one  side  of  zero,  would  be 
twice  what  it  would  be  if  it  had  been  deflecfed  from  the  ordinary 
zero.  The  relative  values  of  the  deflections,  with  a  given  cnrrent, 
from  the  ordinary  and  from  the  skew  zero,  approach  nearer  to  an 
equality  in  proportion  as  the  dofleotions  booomc  smaller;  at  a 
certain  point  they  become  oqua],  and  thou  the  relative  valnes 
become  reversed,  i,  e.  for  the  aame  current  the  deflection  from  the 
skew  zero  becomes  less  than  the  deflection  from  the  ordinary  zeuo. 
Let  ns  determine  at  what  point  the  deflections  from  the  two  nrofl 
become  tlie  same.     We  have  in  this  case 


sin  (a-  +  /3°)  =  sin  «°  ; 

if  now  tlie  angle  a°  is  negative,  that  is  to  say,  if  the  angular  deflec- 
tion from  the  skew  zero  is  less  than  the  angle  ^,  then  we  have 
Bin  or  -  a°)  =  sin  a°. 
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hat  is 

)8°  =  2  a°, 

2  ' 

hat  is  to  say,  whatever  be  the  angle  ^  (the  angular  distance  of 
he  skew  from  the  ordinary  zero)  then  a  onrrent  sufficient  to  move 

he  needle  a  distance  of  ^  from  the  ordinary  zero  would  move  the 

leedle  the  same  distance  from  the  skew  zero.     If  the  deflection  from 

he  old  zero  he  less  than  ^,  then  the  deflection  from  the  skew  zero  mil  he 

ess  8till^  so  that  there  is  no  advantage  in  the  use  of  the  skew  zero 

unless  the  deflections  exceed  ^  • 

From  what  has  been  proved,  it  is  obvious  that  the  greater  we 
make  ^  the  greater  will  be  the  deflection  obtained  with  a  given 
jorrent,  but  there  is  a  practical  limit  to  increasing  ^,  for  the 
larger  we  make  the  latter  the  more  does  the  deflective  action  of 
the  coil  tend  to  act  in  a  direction  parallel  but  opposite  to  the 
earth's  magnetism,  the  consequence  being  that  the  resultant  of 
the  two  forces  is  a  comparatively  small  quantity,  and  the  friction 
^f  the  pivot,  <fec.,  prevents  the  needle  from  settling  down  to  the 
true  angle  representing  the  force  of  the  current.  Under  such  con- 
iitions  large  errors  in  the  readings  may  result.  Were  it  not  for 
this  fiEM^t  the  instrument  would  incresise  in  actual  sensitiveness  up 
to  the  point  at  which  )3°  =  90°,  at  which  point  the  needle  would 
Dot  move  unless  acted  upon  by  a  current  exceeding  in  deflective 
Force  the  intensity  of  the  earth's  magnetism ;  when  the  current 
exceeded  this  value  the  needle  would  swing  completely  round 
through  an  angle  of  180°. 

37.  What  is  the  angle  of  niaximum  sensitiveness  in  the  case  of  a 
tangent  galvanometer  with  a  skew  zero?  Referring  to  page  26, 
it  is  obvious,  since  the  current  strength  is  in  proportion  to  tan 
ij**  +  tan  )8°,  that  equation  (A)  on  the  page  referred  to  becomes 

Un  (ai°  +  S°)  +  tan  /3°  =  ^  (tan  a^^  +  tan  fi^), 


)r 


Un  (ai°  +  S°)  =  ^ii  (tan  a/  -f  Un  ^)  -  tan  (3. 


S4 
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Now  we  have  to  make  S°  a  maximum,  suppoeing  that  the  foregoing 
equation  holds  good. 

Since  S°  is  to  be  a  maximum,  tan  8^  must  also  be  a  maximum. 

Now 

-^  tan  ai°  +  tan  8°         C^ 

tan  (tti  +  o  )  = : 5—: 55"  =  ft 

^  ^  ^     ^       1  -  tan  ai°  tan  8°       C 


(tan  a^ 


+  tan  /T)  -  tan  /r, 

therefore 

tan  ai^  +  tan  8°  =  f^Ctanai^  +  tan/T)  -  tanj8°"j 

[1  -  tanai°  tan8^], 
therefore 

tan  8°  jl  +  ^  tan  a^^  (tan  a^^  +  tan  ^)  -  tan  a^^  tan  j8°"j 

=  (tana,°  +  tani8°)(^^-l), 
therefore 

(tan  a,°  +  tan  fiT)  (^  -  l) 

1  -  tanai°tan/r +  £-^tanai°(tanai**  +  tan/r) 

C      • 


tan8^  = 


l-tana,-tan/r      C,^^^    o 

We  have  then  to  find  what  value  of  tan  a^^  makes  this  fraction 
a  maximum,  and  this  we  shall  do  by  finding  what  value  makes 
tbe  denominator  of  the  fraction  a  minimum.    Let  tan  a^^  =  a, 

Q 

tan  /3^  =  &,  and  ~  s=  k,  then  we  have  to  determine  what  value 
of  a  makes 


1  -  a6 
a  +  h 


+  Ka 


a  minimum. 
Now 


1  --  ab  , 


1  +  6* 


1  - 


V^ 


a  +  b     J 

+'2Vk(14-6')-6(k+1;, 
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and  this  will  be  a  miDimnm  when 


s/ 


that  is,  when 


a  +  h^^: 


but  as  G|  and  C  are  ultimately  equal,  ^,  that  is  ic,  becomes  equal 

to  1,  therefore, 

a  +  6  =  VT+65, 


therefore 
therefore 
therefore 


2ah  =  1  -a^ 
1  -a» 


6  = 


2a    ' 


that  is 


,      ^      1  -  tan=^  a,^  ^     „ 


or 

cot  (90°  -  /3°)  =  cot  2  ai°, 

therefore 

90°  -  /S°  =  2  ai° 

or 

„  o  _  4.KO  _  £_ 

Since  j8°  cannot  be  greater  than  90^  or  less  than  0°  (unless 
it  has  a  negative  value),  we  see  that  a^  must  lie  between  the 
ordinary  zero  and  45^  from  it.  In  the  case  of  a  galvanometer 
where  fP  =  60°  we  have 

a°  =  45°  -  ^   =  15», 

that  is  (60^  +  15°),  or  75°,  from  the  skew  zero. 

38.  In  order  that  a  tangent  galvanometer  when  used  in  the 
ordinary  way  may  give  accurate  results,  it  is  obviously  nece^aarj 
that  the  magnetic  needle,  or  rather  the  magnetic  axis  of  ttie  eame>, 
he  Btnotly  piraUel  to  the  magnetic  plane  of  the  coils,  t\iai  \a  \.o 
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say,  the  angle  ^  must  be  equal  to  nothing.  When  the  latter  is 
the  case,  the  angular  deflection  for  a  given  current  should  be  the 
same  to  whichever  side  of  zero  the  needle  is  deflected.  It  is  found 
that  these  deflections  are  different,  we  can  determine  from  the 
two  results  what  is  the  magnitude  of  the  angle  p^  (Fig.  17,  page 
30).  Beferring  to  this  figure,  let  0°  be  the  angular  movement  of 
the  needle  from  its  position  of  rest,  then 

e^^  =  a°  +  )8°, 
or 

a"  =  «,»  -  ^  ; 

therefore  from  equation  (A)  (page  30),  we  can  see  that  in  this 
case 

sin^i° 


/3  =  A 


oos(V-iS°)* 


If  the  same  current  is  now  sent  in  the  reverse  direction,  and 
the  angular  movement  of  the  needle  from  its  position  of  rest  is 

sin  ^a° 


cos  (^a°  +  py 
therefore 

sin  ^1^         _         sin  ^3° 

cos  (^1°  -  pF)       cos  (^2°  +  P")  ' 
therefore 

sin  ^1°  __  sin  0^'' 


cos  6°  cos  ^  +  sin  ^i°  sin  /3°       cos  ^./  cos  pP  -  sin  ^3°  sin  /T 

therefore 

cot  $,''  cos  ^  +  sin  ^  =  cot  ^^^  cos  /T  -  sin  ^, 

therefore 

cot  Oj^  -{-  tan  )S°  =  cot  ^./  -  tan  /3°, 


that  is 
or 


2  tan  )8°  =  cot  ^3°  -  cot  ^1°, 

^              ,  cot  9°  -  cot  ^1° 
P  =  tan-i  ^-o ^. 


To  make  the  instrument  read  correctly  the  graduated  dial 
plate  would  have  to  be  turned  round  through  the  angle  /8°,  in  the 
direction  in  which  the  needle  moved  when  the  largest  of  the 
two  deflections  was  obtained  ;  the  zero  point  will  then  be  correctly 
set,  and  the  tangent  of  the  angle  of  deflection  taken  from  this 
zero  will  represent  directly  the  current  strength.  When  the 
needle  is  provided  with  a  pointer,  the  simplest  method  of  making 
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the  correction  is  to  bend  the  pointer  &b  explained  in  S  30  (pt 
24),  Qotil  equal  readings  >tre  obtained,  with  the  same  ourrent,  < 

ri  sides  of  zaru. 
GAUOAUt's   GxLViSOaETER. 
39,  A  form  of  tangent  galvanometer,  which  is  in  verj'  general 
use  for   lecture  and  educational  purposes,  is  shown  by  Fig.  19. 
This  instrument  is  known   ae  Oaugain'g  galvanometer,  though. 


itiiaHy.  it  is  a  modifitatioti  1>}  Helmholtz  of  the  original  instni- 

of  Gangaiii.      It    wan   shiiwn    by    tho   latter,  that  if  the 

tgoetic  nee<lle  were  suspendod,  not  at  ihe  centre  of  the  coil, 

|nt  at  a  point  on  the  axis  at  a  distance  from  the  centre  eciual  to 

llf  the   wdiuB   of  the  coil,    then    the    chief  error  due   to  the 

Ikgvetio  needle  not   leing  infinitely  short,  disappears.      Helm- 

pltK  iuiproved  upon  this  arrangement  by  placing  a  Kecond  coil, 

niUr  to  the  firet,  at  an  equal  distance  on  the  other  side  of  the 

""magnet ;  by  this  means,  the  error  due  to  the  centro  of  the  nio.g- 

nelic  needle  not  l)eing  tnily  at  the  point  indicated  by  Gatigaiu, 

IB  got  rill  of.     In  order  that  (ho  ratio  between  the  diameter  o^ 

— 1|--  my?  to  ita  diataoce  from  the  centre  of  the  magnet  mai^\M 


r 
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in  the      I 
Clerk      I 


preserved  with  reference  to  every  turn  of  which  the  coil  is 
posed,  these  turns  should  be  wound  oa  a  conical  surface  as 
instrument  shown  by  Fig.  19.  It  is  pointed  out  by 
Maxwell,  however,"  that  such  a  method  of  winding  is  quite  un- 
necessary,  as  the  conditions  may  be  satisfied  by  coils  of  n 
rectangular  section,  which  can  be  constructed  with  far  Kreat«r 
accuracy  than  coils  wound  on  an  obtuse  cone. 


L 


TaOWBRlDOE's  Olt   OHiCH'a  GALV-ANOJIETKn.+ 

40.  In  this  galvanometer,  which  is  shown  bj-  Fig.  20,  the  ring 
instead  of  being  fixed  as  in  the  ordinary  tangent  instrument  is 
movable  about  an  horizontal  axis ;  by  this  means  the  deflective 

•  ■  Electricity  and  MagnatiBm,  by  J.  Clerk  Maiwoll,'  yol.  ii.  p.  318. 

t  This  instrumont,  altliough  eeiinrall;  known  hb  "Obach'a  OolTunometer." 
and  indeed  ioTeDtad  imJepeadentl;  by  Dr.  E.  Dbacb,  wus  fully  described  b; 
FroFeaRor  John  Trowbridge  in  the  '  American  Juanial  of  Science  and  ArU,'  in 
Anguit  1871,  and  called  by  thnt  gentlemuii  ii  "  Cosine  " 
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action  of  tte  ring  on  the  needle  can  be  reduced  from  the  full 
effect  (when  the  ring  is  in  the  OBwal  vertical  position)  down  to 
«ero  (when  the  ring  is  in  a  horizontal  position),  so  that  the 
iBBtniment  has  a  very  wide  range,  a  range  which  in  practice  ia 
100  times  as  great  as  that  of  an  ordinary  tangent  galvano- 
meter, thus  enabling  either  weak  or  very  powerful  currents  to 
he  measured. 

The  effect   of  setting  the  ring  at  an  angle  to  the  vertical  1 
position  is  as  follows  : — 

In  Fig.  21,  let  a  Ii  be  the  vertical  position  of  the  ring,  and  o,  b,,   | 
the  latter  when  inclined  at  an  angle  ^°.     Draw 
a,  c  at  right  angles  to  a,  b^,  and  a^  d  at  right 
angles  to  a  b,  then  the  angle  i*  Oj  <i  equals  the 
angle  ^°. 

Now  if  c  a„  that  is  /,,  represents  the  mag- 
netic force  of  the  ring  when  the  latter  is 
traversed  by  a  current,  this  force  being  at  right 
angles  to  the  ring,  then  o,  rf,  that  is/j,  will  be 
the  reeolved  force  at  right  angles  to  the  vertical 

tWe  have  then 
^  =  sec  1^°, 
/„  =  /,  sec  ^^ ; 

that  is  to  say,  the  magnetic  force  of  the  ring  is 
equal  to  its  deflective  force  on  the  needle  multi- 
plied bytheBecnni  of  the  angle  at  which  the  ring  is  set.  Bnt 
the  magnetic  force  of  the  ring  is  in  direct  proportion  to  the 
current  strength,  and  the  resolved  deflective  force  is  in  direot 
proportion  to  the  tangent  of  the  angle  of  deflection  (a")  of  the 
needle  of  the  instrument.  Henoe  the  ttrengtha  of  mrreatg  oircula- 
tiitg  in  the  ring  are  direellti  proportional  to  the  langenls  of  the  angles  of 
dtfteclitm  of  tha  needle  mulliplied  by  the  respective  secanU  of  Ike  anglei 
of  iiuMmatum  if  the  ring ;  or  we  may  say 

C  =  tan  a°  X  860  i^°  X  a  constant. 


It  most  be  obvious  that  there  are  several  ways  in  which  the 
instrument  can  be  used.  In  the  first  place  it  can  be  made  use  of 
aa  an  ordinary  tangent  galvanometer,  the  ring  being  set  at  such 
an  angle  as  would  cause  the  deflections  obtained  to  l^e  brought  as 
newly  as  poaaible  in  the  neighbourhood  of  45°  (the  AQ^Xe  q^ 
IMTJiiiuni  aeoMJ/JyeaeaeJ;  the  carrent  strengths  in  this  CdBe  "lt^J^l^^l 


4 


.M-^ 


I 


wo^ 


40  HANDBOOK   OF   ELECTRIt'AL   TESTING. 

of  course  be  directly  proportioual  to  the  tangenlt  of  the  angles 
defleotiou. 

Again,  the  ring  could  he  moved  so  that  the  same  dt-Bection  of 
the  needle  is  obtained  with  each  current  being  ineaaTired ;  in 
this  case,  the  current  strengtliB  will  of  course  be  directly  pro- 
portional to  the  tecanis  of  the  angles  at  which  the  ring  had  to 
be  set  in  the  different  cases.  Inasmuch  as  the  adjustment  of  the 
position  of  the  ring  is  dependent  upon  the  ohservation  of  the 
movement  of  needle,  it  is  best  to  arrange  that  the  latter  shall 
point  as  nearly  as  possible  at  the  angle  of  maximum  senaitiveaeBe, 
i,  e.  at  45°. 

The  "equality"  method  of  using  the  instrument  consists  in 
moving  the  ring  until  it  is  found  that  the  angular  deflection  of 
the  needle,  and  the  angles  through  which  the  ooil  has  been  turned 
ar«  the  same ;  in  this  oaae  we  get 

G  =  tan  i/i"  X  sec  i^°  X  a  constant. 

As  only  a  single  angle  lias  to  be  dealt  with  for  a  particular 
measurement,  the  products  of  tangents  nnd  secants  can  I>e  oalcn- 
lated  beforehand  and  embodied  in  a  table. 

In  the  ordinary  tangent  galvanometer,  the  deflective  action  of 
the  ring  acts  in  the  same  plane  as  that  in  which  tiie  noodle  tnnis ; 
but  in  the  Oboch  instrument,  the  deflective  force,  being  at  an 
angle  with  this  plane,  tends  to  mal<e  the  needle  dip  when  the  ring 
is  inclined.  In  order  to  avoid  this  tendency,  the  arrangement 
shown  by  Fig.  22  is  adopted  by  Dr,  Obach.  The  needle  «•  is 
fixed  near  to  the  upper  end  of  a  thin  vertical  asis  a  h,  the  lower 
end  of  the  latter  being  provided  with  a  cylindrical  brass  weight  to. 
This  weight  offers  but  little  additional  momentum  to  the  whole 
system  round  the  vertical  axis,  whilst  the  movement  round  the 
horizontal  axis  is  completely  prevented.  The  aluminiuiu  pointer 
p  q,  is  situated  in  the  same  plane  as  the  scale ;  the  ends  are  flat- 
tened and  pi'ovided  with  a  fine  slit,  which  serves  aa  an  index  for 
reading  the  deflections ;  the  bottom  of  the  box  in  which  the  needle 
turns  being  blackened,  the  reading  can  bo  taken  without  parallax, 
and  therefore  very  accurately.  The  magnetic  needle  n»,  has  a 
bioonical  shape,  which  entirely  prevents  the  shifting  of  the  mag- 
netic axis  from  its  original  position,  as  was  sometimes  found  to  be 
the  cose  with  the  old  broad  needles.  Adjustments  ai'e  provided 
by  which  the  cocoon  fibre  /,  serving  to  suspend  the  neetlle.  can  be 
^L  raised  or  lowered,  ae  well  as  accurately  oentred. 
^M  In  order  to  damp  the  oscillations  of  the  needle,  a  shallow, 

^B    oyliudrioal  bos,  about  6  ceutimetres  in  diameter,  and  \\  c 

K A 
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metres  deep,  is  provided ;  this  box  has  two  radial  partitions  which 
can  be  slid  in  or  ont ;  the  axle  of  the  needle  passing  through  the 
centre  of  thiB  box,  oarries  a  light  and  closely  fitting  vane.  By 
sliding  the  partitions  more  or  less  into  the  box,  various  degrees  of 


Fio.  22. 


damping  can  be  obtained ;  and  if  they  are  right  in,  the  motion  is 
practically  dead  beat. 

The  scale  over  which  the  needle  turns  is  provided  with  degree 
and  also  with  tangent  divisions.  The  scale  fixed  to  the  ring 
enables  the  inclination  of  the  latter  to  be  read  to  y^th  of  a  degree  ; 
this  scale  is  also  engraved  with  secant  divisions,  so  as  to  avoid  the 
necessity  of  reducing  the  degrees  to  secants  by  means  of  a  table. 
In  order  to  enable  the  "constant'*  of  the  instrument,  i.e.  the 
deflection  due  to  a  given  current,  to  be  made  the  same  at  any  place 
when  the  instrument  is  being  used,  an  auxiliary  magnet  (seen  in 
the  figure)  is  placed  at  the  side  of  the  instrument ;  this  magnet 
can  be  tamed  round  an  horizontal  axis  passing  through  its  neutral 
point  and  the  centre  of  the  needle,  and  is  at  right  angles  to  the 
diameter  on  which  the  ring  is  turned.  This  magnet  does  not 
affect  the  zero  position,  and,  moreover,  if  placed  exactly  vertical 
with  its  magnetic  axis,  it  does  not  alter  the  original  constant, 
which  then  only  depends  upon  the  horizontal  terrestrial  com- 
ponent, more  or  Ioms  modiBed  by  the  surroundings;  bwt  \?  \\. 
;#  dipped,  the  horizontal  force  acting  on   the  ne©d\e  \s  e\\\ie>T 
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augmented  or  diminished,  acoordiDg  to  the  direction  in  which  tlte 
magnet  ia  turned,  and  to  the  amount  of  dip  given. 

The  ring  of  the  iniitrament,  it  should  be  mentioned,  is  of  gnn- 
metal,  and  serves  for  the  purpose  of  measuring  strong  currents, 
whilst  fine  wire  wound  in  a  groove  in  the  ring  enables  weaker 
current*  also  to  be  measured.  The  relative  values  of  the  deflective 
actions  of  the  ring  and  of  the  fine  wire  upon  it,  are  so  adjoBted 
that  a  current  of  I  ampere  through  the  ring  gives  exactly  the 
same  deflection  as  an  eloctrouiotivo  foi'ce  of  1  volt  at  the  terniinak 
of  the  fine  wire. 

Since  we  have 

C  =  tan  a°  X  sec  1^°  X  a  constant 

we  can  easily  see  if  any  particular  inatniment  is  properly  B 
and  the  scales  correctly  graduated ;  for  if  we  pass  a  constant  cur- 
rent through  the  ring,  and  sot  the  latter  at  difiTereut  inclinations, 
then  the  products  of  the  secants  of  the  angles  of  inclinatioi 
ring  and  the  tangents  of  the  corresponding  angles  of  deflet 
ohtaiued,  should  bo  the  same  in  every  c^iso. 


Method  of  Readno  Galvanometeh  Deflections. 
41.  The  reading  of  galvanometer  deflections  requires  oonsider- 
abte  method,  in  order  that  accurate  results  may  be  obtained  ji 
making  measurements. 

Fio.  23. 


-4A 


5^^=R=^  -fjlpil^^ 


^     i-      -r 

De&eetlan=A.       nef)cotion=Al.       Def]Gctioii=A|.       Deflectia 

Let  A  and  B  (Fig.  23)  be  two  contignons  division  marks  on 
the  galvanometer  scale.  Now,  by  observation,  we  can  always 
determine  without  difficulty  whether  the  pointer  lies  exactly  over 
A  or  over  B,  or  whether  it  lies  exactly  midway  between  the  two; 
and  further,  if  it  does  not  occupy  either  of  these  exact  positions, 
w©  can  judge  without  diflScnlty  whether  it  lies  nearest  to  A  < 
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to  B.  This  is  equivalent  to  saying  that  we  can  be  certain  of  the 
magnitude  of  the  deflection  within  a  quarter  of  a  degree.  Thus, 
sapposing  the  pointer  stood  between  A  and  B,  but  nearer  to  A 
than  to  B,  then  we  should  call  the  deflection  "  A^,  and  supposing 
the  deflection  was  actually  very  nearly  equal  to  A,  then  A^  would 
be  a  quarter  of  a  division,  or  d^ree,  too  much ;  if,  on  the  other 
handy  the  deflection  was  very  nearly  equal  to  AJ^,  then  A^  would 
be  a  quarter  of  a  division,  or  degree,  too  little.  In  cue  case  the 
error  would  be  a  plus  one,  and  in  the  other  a  minus  one ;  but  in 
either  case  its  maximum  value  would  be  ^  only.  We  have,  in  fact, 
the  rule  that — if  A  be  the  smaller  of  two  contiguous  deflections 
A  and  B,  then  when  the  pointer  is  exactly  over  A,  the  deflection 
should  be  called  *'  A  " ;  if  nearer  to  A  than  to  B,  then  it  should  be 
called  **A^";  if  exactly  midway  between  A  and  B,  it  should 
be  called  **  A^  " ;  and  lastly,  if  the  pointer  is  nearer  to  B  than  to  A, 
then  the  deflection  should  be  called  "  A| " — ;  thus,  for  example, 
if  A  and  B  (Fig.  23)  were  the  57°  and  58°  division  marks  respec- 
tively on  the  scale ;  then  in  case  1  the  deflection  would  be  tsjaen 
as  57°,  in  case  2  the  deflection  would  be  taken  as  57^° ;  and  again, 
in  cases  3  and  4  the  deflections  would  be  taken  as  57j^°  and  57|° 
respectively.  By  keeping  to  these  instructions,  then,  we  can  be 
sure  of  the  magnitude  of  a  deflection  within  ^  of  a  division  or 
degree. 

42.  If  we  are  making  a  measurement  with  a  tangent  galvano- 
meter and  we  read  from  the  degrees  scale,  and  if  we  have  two 
deflections  to  deal  with,  one  of  which  is  to  be  a  proportional  part 
of  the  other  (usually  one-half),  then,  after  the  first  deflection  has 
been  observed  it  has  to  be  reduced  to  a  tangent,*  and  then  the 
latter  being  divided,  say,  by  two,  the  corresponding  deflection  is 
ascertained  from  the  tangent  table ;  the  resistances,  &o.,  are  then 
adjusted  till  the  required  second  deflection  is  as  nearly  as  possible 
obtained.  If  we  find  that  the  halved  tangent  does  not  exactly 
correspond  to  a  deflection  in  the  table,  then  we  must  take,  say, 
the  nearest  deflection  below  the  exact  value,  and  then  take  care  to 
adjust  so  that  the  deflection  of  the  pointer  is  a  little  above  that 
angle.    Thus  suppose  the  first  deflection  to  be  58°,  then  the  tangent 

of  58°  is  1*6003,  and  — - —  =  '8001;  now  the  nearest  number 

below  this  in  the  table  is  *  7954,  which  is  the  tangent  of  38^ ;  in 
adjusting  the  deflection,  therefore,  we  should  take  care  that  we 
get  it  rather  more  than  38j^. 

♦  Table  I. 
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Dfgrie  nf  Ai-riiraey  nllaiaabU  in  reatllag  Galaiunmehr  Defiectlo; 

49,  If  tiiP  galvanometer  scale  be  so  graduated  tbat  the  number  of  divitiot*  rf 

I ieflection  directly  roproeent  the  proportionate  atrenglbi  of  the  currenta  pTodntiBg 

Iboee  deflectione,  tliea  nn  error  of,  sa;  -th  of  a  divUioD  io  d  dirisioiu  will 

1  tlie  Btrengtli  of  llie  current 

7  :  i  ; ;  100  :  d, 

^xlOO 


If,  hovSTei,  the  iottnimeiit  be  a  tangent  galTanometer  and  the  defleoti 

ham  the  rf*jrwf  scale,  tlien  an  error  of  ;;  in  (T  will  not  tcpre«ent  t 

100 

per  cent.,  tor  in  Uiia  oa«e 


For  laample. 
If  the  deSection  d 
n  error,  f,  of 


[A] 


-c 


the  ourrent  strength  repreaented  by  tlie  deSt 
■e  46",  then  J"  ermr  would  be 

Vl035S 


n  the  current  atretiKth. 

14.  Id  oaaes  where  we  bafe  two  deflertioni  ta  deal  with,  one  of  whidi,  J 
Angeut  of  one  of  whioh,  liag  to  be  ;th  (usually  i)  of  the  other,  then  ftlXor  ire  b 
onoertaiaeil,  oa  accuratdy  as  we  oun  judge,  the  magnitude  of  the  first  deflection  il. 
the  latter  (or  the  tangotit  of  thq  latter)  is  dividud  bj  n.  and  then  the  n 

,  in  the  circuit  of  the  gBlvanoiiielor  are  Bdjuatcil  until  the  deflcctioD  " 

(or  the  dcflectloi]  corresponding  to \  ifl  obtained  a»  aocnrately  aa  ponible. 

Xoir,  Id  adjusting  to  Ihia  Inlter  deflection  we  are  liable  to  make  a  plw  oi 
eirar  of  -tli  of  a  division  or  degree  as  in  tlie  first  c 


d«?(»<„.^)„ 


Itaeltoontuin  au  error  dao  to  d  being  -th  ofa  diviaion  or  degree  wrong  ii 
flrst  iostauoc,  the  new  deflection  maj  be  more  than  -th  of  n  division  or  degree 
What  then  la  the  "  total  poaslblo  percentage  of  error  whleb  may  exist  i)i 
the  teoond  deflection  *'  7 

Now  lie  at«Ju(«  i-rror  wliieb  njaj  be  made  in  the  two  deflections  i 


nuttetboj 
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aune  in  both  cases,  vis.  — ,  bat  the  pereerU€ige  value  of  the  latter  will  be  directly 
proportional  to  the  value  of  the  deflectiooB ;  thus,  a  }  division  error  in  50  divisions 
is  a  I  per  cent,  error,  bnt  a  }  division  error  in  25  divisions  is  a  1  per  oent  error ; 
in  bet,  if  7  be  the  pereeniage  error  (corresponding  to  the  aheolute  error  -^)  in  d 
divinoQS,  then  n  y  will  be  the  percentage  error  (corresponding  to  the  abeolnte 

error  -^)  in  -  diviaions.    Now,  if  d  contains  a  percentage  error  7,  then  -  must  also 

contain  a  pereeniage  error  y ;  consequently,  if  we  make  a  percentage  error  of  n  7 

d  d 

in  -  when  d  already  contains  a  percentage  error  7,  then  -  most  contain  a  total 

percentage  error,  r,  of 

r  =  7  +  n  7  =  7  (1  +  n)*  ; 
or  since 


we  get 


-X  100 

m 

y  =  — 1 — 


tx  100 


r  =  ^—  (1  +  n).  [C] 

(!)  For  example. 

If  (i  and  -^  were  58  divisions  and  i  division,  respectively,  and  further,  if  the 
deflection  d  had  to  be  halved,  that  is,  if  n  =  2,  then  we  should  get 

r  =  -i-rg —  X  3  =  1*3  per  cent. 

If  we  have  to  deal  with  degree*  of  deflection  instead  of  divisions,  then  in  the 
ca«e  of  s  tangent  galvanometer  we  should  have 

/tandi°       \  /tan(i,-°        \ 

r.  =  ( 1 — ^  -  1 )  100  +  ( - — ^  - 1 1 100  = 

•       \tan<r         /  Vtandj®         / 

/  tan  d-       tan  d,—         \ 

(  T — -^  +  I — -TK  -  2  )  100,  [Dl 

VtancT  ^  tand,®         /       '  ^   ^ 

where 

,  „      tan  (T^ 

tan  dP  = 

n 

(2)  For  example. 

If  d®,  -  ,  and  »,  were  58®,  1°,  and  2,  respectively,  then  we  should  have 

tan  d|«»  =  \J^  =  -8001  (=  tan  38n» 

therefore 

^        /I -6160^  -8026        \^^      ,  .  . 


*  Strictly  speaking  this  is  not  absolutely  correct,  for  it  assumes  that  the 
second  percentage  should  be  calculated  on  -,  whereas  it  ought  to  be  calculated 


on ? ;  but  as  •;;  is  small  compared  with  d,  the  consequent  error  is  small 

also. 


r 
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may  be  poiDtcd  out  that  tLis  \aal  ciuiuplo  ehana  the  pouiMe  paroentBge  of 
which  may  (woiir  when  making  a  halyed  cDrrent  teat  with  the  tangent 
galvaDomoter  unjer  the  best  poBsible  comiitioiis.  PraotiraUj.  therefore,  wo  may 
Bay  that  nnder  no  possible  conditions  oould  tlie  deSection  trror  in  &  halveil 
cnrreDt  test  be  regarded  as  being  lesa  than  IJ  per  cent.  As  will  be  soen  when 
wa  come  to  consider  such  ttaie,  other  »ouroos  af  etiDi  are  met  nitb  which  still 
further  reduce  the  degree  of  aocnraoy  with  which  the  Usts  can  bo  mode. 

45.  Although  in  formula)  [B]  And  [D]  the  fuuetion  of  the  deflections  has  been 
taken  as  the  tangntU,  yet  tlio  fonuulie  apply  equally  well  in  cases  where  Ihe 
euirent  atreDgths  ure  proportional  to  any  other  ftmotioa  of  the  deQeotious. 

Calibration  of  Galvasometers.' 
46.  The  deviatioiu  in  degrees  of  the  needle  of  a  galvanometer 
which  ie  not  of  the  tangent  form  are  not  generally  proportional 
to  any  simple  function  of  those  degrees,  yet  it  is  easy  to  determine 
the  relative  values  of  the  defloetiona  in  terms  of  the  currents 
which  would  produce  them,  that  is,  to  i-alibrale  the  xcale.  In 
order  to  do  this,  it  is  simply  neceBsary  to  join  up  in  circuit  with 
the  galvanometer,  a  battery,  a  set  of  resistance  coils,  and  also  a 
galvanometer,  the  values  of  ivhose  deflections  are  known  (a  fon^ent 
galvanometer,  for  example).  This  being  done,  and  the  galvano- 
meters being  set  so  that  their  needles  are  at  zero,  wo  insert 
sufBoiont  reaistanoe  in  the  circuit  to  reduce  the  deflection  in  one 
of  the  instrumonts  to  1°,  and  then  by  means  of  a  "  shunt " 
(Chapter  IV.)  we  also  reduce  the  deflection  of  the  noodle  of  tha 
second  galvanoruetfir  to  1^.  We  now  reduce  the  rosiatanoe  in  the 
circuit  step  by  step  so  as  to  produce  defleotionw  of  1^,  2",  3",  4", 
&c.,  from  the  needle  of  the  galvanometer  whose  scale  is  required 
to  be  calibrated.  As  each  defleotion  is  obtained  we  observe  and 
note  the  corresponding  deflection  on  the  tangent  instrument. 
When  the  wholo  range  of  the  scale  (or  as  much  of  it  as  is  con- 
ddored  necessary)  of  the  instrument  under  calibration  has  been 
gone  through,  we  can  constniot  a  table  for  use  with  it  by  writing 
down  opposite  the  various  degrees  of  deflection  the  tangent*  of 
tiie  deflections  which  were  obtained  on  the  tangent  instrument, 
ftnd  which  corresponded  to  the  deflections  in  question.  The  table 
to  constructed  would  1)0  used  precisely  in  the  same  way  as  would 
the  table  of  tangents  in  the  case  of  a  tangent  galvanometer,  the 
use  including,  it  may  be  remarked,  the  determination  of  the  per- 
centage value  of  an  error  in  a  deflection.  It  may  also  be  remarked 
that  the  angle  of  maximum  sensiLivcness  ^vould  bo  the  defleotion 
which  was  obtained  when  the  needlo  of  the  tangent  inetmment 
pointed  to  45°. 

*  See  ska  p.  91,  S  Sti. 
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The  Thomson  Galvanometer. 

47.  The  aocuraoy  with  which  measurements  can  be  made 
depends  chiefly  npon  the  sensitiveness  of  the  galvanometer  em- 
ployed in  maldng  those  measurements.  The  Thomson  reflecting 
galvanometer  supplies  this  requisite  sensitiveness,  and  is  the 
instrument  which  is  almost  invariably  employed  when  great 
accuracy  is  required,  and  also  when  very  high  resistances  have  to 
be  measured. 

Principle. 

48.  The  principle  of  the  instrument  is  that  of  employing  a 
very  light  and  small  magnetic  needle,  delicately  suspended  within 
a  largQ  coil  of  wire,  and  of  magnifying  its  movements  by  means 
of  a  long  index  hand  of  light.  This  index  hand  is  obtained  by 
throwing  a  beam  of  light  on  a  small  mirror  fixed  to  the  suspended 
magnetic  needle,  the  ray  being  reflected  back  on  to  a  graduated 
scale.  This  scale  being  placed  about  3  feet  distant  from  the 
mirror,  it  is  obvious  that  a  very  small  angular  movement  of  the 
mirror  will  cause  the  spot  of  light 

reflected  on  the  scale  to  move  a        5*  Fig.  24. 

considerable  distance  across  it.  ^ 

The  needle  being  very  small, 
and  being  placed  in  the  centre 
of  a  large  coil,  the  tangents  of 
its  deflections  are  approximately  j 
directly  proportional  to  the 
strength  of  the  currents  pro- 
ducing them. 

In  Fig.  24,  let  L  be  a  lamp      ^ 

which  throws  a  beam  upon  the 

mirror  m,  which  has  turned  through  a  small  angle,  and  reflected 

the  beam  on  the  scale  at  D.    Let  d  be  the  distance  through  which 

the  beam  has  moved  on  the  scale  from  the  zero  point  at  L,  and 

let  I  be  the  distance  between  the  scale  and  the  mirror.     Now  the 

angle  through  which  the  beam  of  light  turns  will  be  twice  the 

angle  through  which  the  mirror  turns ;  this  is  clear  if  we  suppose 

the  mirror  to  have  turned  through  46°,  when  the  reflected  beam 

will  be  at  90°,  or  at  right  angles  to  the  incident  beam.     If,  then, 

a° 
we  call  a°  the  angle  through  which  the  beam  of  light  turns,  — 

will  be  the  angle  through  which  the  mirror  will  have  turned. 
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Let  C  be  the  strength  of  current  producing  the  deflection,  then 

o 

C  =  tan  —  K, 

where  k  is  a  constant  whose  value  depends  on  the  make  of  the 
galvanometer,  therefore 


V 1  +  tan'  being  positive,  as  the  angles  are  less  than  90°. 

I  being  the  distance  of  the  scale  from  the  mirror,  let  d  be  the 
distance  traversed  on  the  scale  by  the  beam  of  light,  then 


therefore 


or 


tan  a°  =  J- » 

r  — 

.  1 

^-           d 
I 

"I 

C  =  i(Vi'  +  d»- 

■  1)k. 

[A] 
If  we  expand  V  P  +  <P  by  the  binomial  theorem,  we  get 

mm 

If  I  is  large  compared  with  <I,  all  the  terms  beyond   -^  may 

be  neglected  without  introducing  any  sensible  error ;  hence  we  see 
that  G  is  proportional  to  d  corrected  by  subtracting  the  quantity 

^ftomit. 

Far  example. 

A  deflection  of  300  divisions  is  obtained  on  the  scale  of  a 
reflecting  galvanometer,  the  distance  of  whose  mirror  from  the 
centre  of  the  scale  is  1500  (I).    What  is  the  corrected  deflection? 

300' 

Corrected  deflection  =  300  —  -: 

4  X  1600' 

=  300  -  3  =  297  divisions. 
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It  fihonld  be  stated  that  formula  [B]  oeases  to  be  approxi- 
mately accnrate  if  the  deflections  are  more  than  about  ^th  of  /. 
If  this  proportion  is  exceeded  it  is  best  to  employ  the  accurate 
formula  [A3,  'which,  to  be  in  a  similar  form  to  [B],  should  be 
written 


C=l?(yr  +  d'-/)^; 


21  f  , 

that  is  to  say,  -=-  V  v  P  +  d"  —  Z)  is  the  corrected  deflection. 

If  the  deflections  to  be  compared  are  either  both  small,  or  if 
they  are  large  and  do  not  differ  greatly,  then  we  may  take  the 
deflections  themselves  as  representative  of  the  currents  producing 
them,  no  corrections  being  necessary;  this  is  what  is  usually 
done. 

Description. 

49.  The  galvanometer,  as  usually  constructed,  consists  essen- 
tially of  a  very  small  magnetic  needle,  about  three-eighths  of  an 
inch  long,  fixed  to  the  back  of  a  small  circular  mirror,  whose 
diameter  is  about  equal  to  the  length  of  the  magnet.  This 
mirror,  which  is  a  plano-convex  lens,  of  about  six  feet  focus,  is 
suspended  from  its  circumference  by  a  cocoon  fibre  devoid  of 
torsion,  the  magnetic  needle  being  at  right  angles  to  the  fibre. 
The  mirror  is  placed  in  the  axis  of  a  large  coil  of  wire,  which 
completely  surrounds  it,  so  that  the  needle  is  always  under  the 
influence  of  the  coil  at  whatever  angle  it  is  deflected  to.  A  beam 
of  light  from  a  lamp  placed  behind  a  screen,  about  three  feet 
distant  from  the  coil,  falls  on  the  mirror,  and  is  reflected  back  on 
to  a  graduated  scale  placed  just  above  the  point  where  the  beam 
emerges  from  the  lamp.  The  scale  is,  as  we  have  before  said, 
straight,  and  is  usually  graduated  to  360  divisions  on  either  side 
of  the  zero  point. 

It  is  not  absolutely  necessary  that  the  working  zero  be  the 
middle  or  zero  point  of  the  scale,  it  is  a  very  common  practice  to 
adjust  the  instrument  so  that  the  reflected  beam  of  light  normally 
falls  near  the  end  of  the  scale ;  by  this  adjustment  an  extreme 
range  of  360  x  2,  or  720  divisions  can  be  obtained. 

50.  The  Thomson  galvanometer  is  made  in  a  variety  of  forms : 
Fig.  25  gives  a  front,  and  Fig.  26  a  side  elevation  (with  glass 
shade,  &c.,  removed)  of  one  very  common  pattern. 

It  consists  of  a  base  formed  of  a  round  plate  of  ebonite,  pro- 
vided with   three  levelling   screws;   two  spirit-levels,  at   right 
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anglee  to  one  another,  are  fixed  on  the  top  of  this  plate, 
the  whole  ioBtrnmeDt  can  be  accurately  levelled  ;  sometimes  c 
circular  level  only  is  provided,  but  the  double  level  is  much  t 
beet  arrangement. 

From  the  base  rise  two  brass  columns,  between  which  a 
plate  is   fixed,  rounded  off  at  the  top  and  bottom.     Against  ti 
fncM  of  this  plate  are  fixed  the  coils  (c,  c,  e,  c)  of  the  instrumei 

Fir.  2G. 


Side  Elevstioii.    (Shade  ranoved.)    i  real 


j  brus  plate  has  shallow  countorsiuts  on  its  nurfac^  for  the 
faces  of  the  t-oils  to  fit  into,  so  that  they  can  be  iitt«d  in  their 
correct  places  without  trouble  or  danger  of  shifting.  Bound 
brass  plates  press  against  l!ie  nuTer  sarfaces  of  the  coils  by  means 
of  screws,  and  keep  them  firmly  in  their  places.  There  are  two 
round  holes  in  the  brass  plates  coinciding  with  the  centre  holes 
in  the  coils. 

The  coila  themselves,  which  are  four  in  number,  are  wound 
uu  lubbins  of  thin  insulating  material,  the  wire  being  heaped 
up  towards  the  cheek  of  the  bobbin  which  bears  against  the 
brass  plate.  This  heaping  up  is  done  in  accordance  with  a 
formula  worked  out  by  Lord  Kelvin,  so  as  to  obtain,  as  far  as 
piMsible,  It  uiazimum  effect  out  of  a  minimum  quantity  of  wire. 
Ulie  edges  of  the  ooils  arc  oovored  with  sheUao,  so  as  to  protect 
^tte  wire  &om  injury. 


r 
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Within  tho  holes  in  tbe  hiaas  plato  are  plaual  twu  littls 
«  anil  *  n,*  formed  of  watch-epriug  highly  magiiedmd; 
they  are  coonocted  together  by  a  piece  of  almnininm  wire,  so  M 
tu  furm  an  astatio  pair  of  needles,  A  small  groove  is  cut  in  the 
brass  plate,  l)etneea  the  uppur  and  the  lower  hole,  for  the 
aluminium  wire  to  hang  freely  in. 

An  aluminium  fan  is  fixed  at  right  angles  to  the  lower  needle  ; 
this  fan  acts  as  a  damper,  and  tends  to  check  the  oscillations  of 
the  needles  and  to  bring  them  to  rest  quickly. 

In  front  of  the  top  needle  is  fixed  the  mirror.  It  is  suspended 
by  a  fibre  attached  at  its  upper  end  to  a  small  stud  which  can 
be  raised  or  lowered  when  required ;  when  this  stud  la  pressed 
down  as  far  as  it  will  go  the  needles  rest  on  the  coils,  and  the 
tension  being  taken  off  the  fibre,  there  is  no  danger  of  breakiDg 
tho  latter  by  moving  the  instrument. 

One  end  of  oach  coil  is  connected  to  one  of  the  four  terminals 
in  front  of  the  base  of  the  instrument,  the  other  ends  being  con- 
nected to  one  another  through  the  medium  of  the  small  terminals 
placed  midway  on  either  side  of  the  coils. 

The  connoctions  are  bu  made,  that  when  the  two  middle 
terminals  on  the  base  of  the  instrument  are  joined  together  the 
whole  four  coils  are  in  the  circuit  of  the  two  outer  terminals,  so 
that  they  all  four  act  on  the  magnetic  needles. 

61,  As  it  is  often  convenient  to  be  able  to  couple  up  tho  four 
coils  in  different  ways  so  as  tu  vary  their  total  resistance,  in  the 
instruments  manufactured  by  the  Indiorubber,  Guttapercha,  and 
Telegraph  Works  Company,  the  ends  of  all  the  four  coils  are  con- 
nected to  terminals  in  a  manner  designed  by  Messrs.  March 
Webb  and  K.  K.  Gray,  and  shown  by  Fig.  27.  This  fignr« 
represents  the  buse  of  one  of  those  instruments.  Lines  are  en- 
graved on  the  ebonite  base  to  show  the  routes  followed  by  the 
various  coils.  Arrows  also  are  engraved  alongside  the  lines  to 
show  the  directions  in  which  tho  currents  must  fiow  in  order  that 
all  the  coils  may  tend  to  turn  the  galvanometer  needle  in  the 
same  direction. 

There  are  five  possible  ways  of  coupling  up  all  the  coils  together, 
80  as  in  each  case  to  produce  a  different  resistance.  The  following 
will  show  the  various  methods  : — 

I.  To  obtain  total  resistance  of  all  the  coils  in  series,  connect 
terminals  2  and  3,  4  and  5,  6  and  7. 


i  magnets 
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n.  To  obtain  f  resiBtanoe,  oonneot  terminals  2  and  3,  2  and  5, 

7  and  6,  7  and  4. 
nL  To  obtain  ^  resifitanoe,  connect  terminals  2  and  3,  4  and  8, 

1  and  5,  6  and  7. 
IV.  To  obtain  ^  resLstance,  connect  terminals  2  and  8,  1  and  3, 

4  and  5,  6  and  7. 

y.  To  obtain  ^  resistance,  connect  terminals  1  and  3,  3  and  5, 

5  and  7,  6  and  8,  4  and  6,  2  and  4. 


Fig.  27. 


'^  Btttom     i^H  {  C»ll    nj    i 


f 


In  each  case  the  leading  wires^from  the  galvanometer  must^be 
connected  to  terminals  1  and  8. 

Referring  again  to  Fig.  25;  over  the  coils  a  glass  shade  is 
placed,  from  the  middle  of  the  top  of  which  a  brass  rod  rises.  A 
short  piece  of  brass  tube  slides  over  this  rod,  with  a  weak  steel 
magnet,  alightly  curved,  fixed  at  right  angles  to  it.     This  magnet 


r 
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1  be  slid  op  or  down  the  rod,  or  twisted  round,  as  occdsion  may 
require.  For  fine  adjostoients  a  tangent  screw  is  provided,  which 
turns  the  brass  rod  ronnd,  and  with  it  the  magnet. 

Figs.  28  and  29  show  modified  forms  of  the  instrameut,  which, 
b-however,  iu  general  arrangement  are  similar  to  the  pattern  which 
I  has  been  described. 


62.  In  the  move  reuout  galvauouieters  mauufactiired  by  Messrs. 
Elliott  BrotherK,  the  brass  plates,  which  in  the  older  instruments 
seenred  the  coils  in  their  places,  are  hinged  to  the  frame,  whilst 
the  ooils  themselves  are  permanently  fixed  to  the  plates ;  by  this 
arrangement  the  magnetic  needles,  with  their  mirror,  6bre-8Uspen- 
aion,  &c.,  attachments,  can  be  got  at,  if  required,  with  the  greatest 

I  facility.  Altogether  this  improvement  is  one  of  the  moat  con- 
Tenient  that  has  been  made. 
53.  About  5000  or  (iOOO  ohms  is  usually  the  total  resistance  of 
the  coils  of  these  galvanometers,  but  io  some  cases  as  much  as 
850,000  ohms  of  very  fine  copper  wire  has  been  eniployed.  An 
mstrument  of  the  latter  reBiatance  made  for  measuring  issnlatiou 
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resiaUiioes  (aee  ChapUir  XV.),  nmJ  oonBtruoted  hy  Measrs.  Nalder 
Broe.  is  shown  by  Fig.  30.  ITie  ttrrnngeineiit  is  such  that  the  very 
highest  jH^asible  iofiulatimi  of  the  whole  iDstmment  is  obtutned, 
the  ooiU  and  terminBla  of  the  same  being  hang  from  corrugate 
ebonite  oolumne,  which  are  in  turn  snpported  by  other  columns. 


154,  Fig.  .31  shows  a  portable  reflecting  galvanometer,  which  is 
y  luefnl.  especially  for  travelling  purposes  ;  the  three  legs  aro 
ged  at  their  junction  with  the  lower  part  of  the  coil  frame,  bo 
t  thny  can  be  folded  together,  and  thus  made  to  occupy  but 
Ul tie  space.  Owing  to  the  imitrament  being  provided  with  but 
two  coils  (one  in  fi'ont  of,  and  the  other  behind,  the  needle)  its 
lenaitiTeneBa  is  not  quite  so  great  as  that  of  the  larger  instruments 

tth  foor  coils,  but  for  general  purposes  it  is  an  excellent  piece  of 
puratuB. 
&5.  Wo  have  said  that  the  mirror  is  made  of  a  plai 


5G 
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lens.  This  is  done  so  aa  to  obtain  a  Bliarp  image  of  the  spot  0 
light  on  the  scale.  The  width  of  the  spot  can  ho  regulated  by 
means  of  a  brass  slider  filed  over  the  hole  in  the  screen,  through 
which  the  beam  emerges  from  tho  lamp. 


A  much  better  arrangement  than  the  spot  of  light  is  now 
provideil  with  most  iuBtrumentfl.  The  hole  through  which  the 
light  emerges  is  made  round,  about  the  size  of  a  sixpence,  with 
A   piece   of  fine   platin urn J;_ wire  stretched   vertically  i 
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diameter.  A  lens  is  placed  a  little  distance  in  front  of  this  hole, 
between  the  scale  and  galvanometer,  so  that  a  round  spot  of  light, 
with  a  thin  black  line  across  it,  is  reflected  on  the  scale.  This 
enables  readings  to  be  made  with  great  ease,  as  the  figures  on  the 
scale  can  be  very  distinctly  seen.  When  the  spot  of  light  only  is 
used,  it  is  necessary  to  partially  illuminate  the  scale  with  a  second 
lamp.  The  general  appearance  of  the  scale  frame  T\dth  the  lamp 
placed  in  position,  is  shown  by  Figs.  32  and  33. 


Jacob*8  Transparent  Scale, 

56.  The  position  of  the  ordinary  form  of  scale  for  the  Thomson's 
galvanometer  is  to  a  certain  extent  inconvenient,  especially 
to  near-sighted  persons.  Mr.  F.  Jacob  has  completely  remedied 
this  inconvenience  by  the  arrangement  shown  in  front  view  and 
cross  section  by  Fig.  34.     In  this  fig.  6  is  a  wooden  scale<board 


Fig.  84. 


A 


b 


with  a  longitudinal  slot,  as  shown  at  C ;  P  is  the  paper  scale,  cut 
so  that  all  the  division  lines  reach  the  lower  edge ;  A  is  a  slip  of 
plane  glass  with  its  lower  half  finely  ground  from  one  end  of  the 
slip  to  the  other,  on  the  side  towards  C :  the  scale  is  so  placed  that 
the  lower  end  of  the  division  lines  just  touches  the  ground  part  of 
the  glass  slip.  The  image  of  the  slit  with  a  fine  wire  stretched 
across  it  is  focussed  in  the  ordinary  manner  on  the  ground  part  of 
the  glass,  and  will  of  course  be  clearly  seen  by  the  observer  on  the 
opposite  side  of  the  scale  ;  as  the  line  and  printed  divisions  are  in 
the  same  plane,  there  is  no  parallax ;  and  a  great  increase  in 
accuracy  of  reading  the  position  of  the  hair  line  is  obtained,  owing 
to  the  greater  ease  of  observing  that  two  lines  coincide  when  end 
on  to  one  another,  than  when  superimposed ;  and  further,  from  the 
circumstance  that  the  room  need  not  be  darkened.  The  lamp  and 
its  slit  is  placed  on  one  side,  and  reflects  the  beam  of  light  on  to 
the  galvanometer  by  a  mirror  or  total  reflection  prism,  and  by 
means  of  two  long  plane  mirrors  the  actual  distance  between  the 
galvanometer  and  scale  is  reduced,  so  as  to  have  everything  close 
to  the  observer's  hand.    The  scale  adopted  is  divided  into  half 


58  HANDBOOK   OF   EtECTRlCAT,  TESTINO. 

luillimetroK,  and  it  is  jierfectly  easy  to  read  to  a  quarter  of  a 
diTieion,  tisd  witli  a  hand  magnifying-glass  etili  further.  This 
arrangement  has  boon  adopted  in  the  toBting-rooms  of  Jleeen. 
Siemens  Brothers  and  Co.,  at  Woolwich,  and  gives  great  Batis- 
faction. 

57,  In  the  totiting-rnonis  at  the  Silvertowii  Telegraph  Works, 
the  scales  employed  aro  of  large  dirneDsions,  being  about  5  feet 
long,  and  are  set  at  a  distance  of  seTeral  feet  from  the  galvano- 
meter.  By  this  nrraugement  a  greatly  magnified  image  of  the 
round  spot  of  light  with  the  black  line  across  it  is  obtained, 
and  the  di\-iBionB  on  the  bciiIo  lieing  of  correspondingly  lai^ 
dimensions,  the  readings  can  be  made  with  great  facility,  and 
'with  very  little  fatigue  to  the  eye.  The  only  objection  to  the 
arrangement  is  the  i^pace  which  it  neoosBarily  oocupies,  but  aa  it 
is  not  often  that  many  instninientB  require  to  be  set  up  in  the 
same  room,  this  need  hardly  be  taken  into  account. 

Tn  get  up  the  Oahanomeler. 

68,  It  is  esseutial,  before  proceeding  to  set  up  the  instrument 
for  use,  to  evo  that  the  ebonite  base  is  thoroughly  dry  and  dean, 
so  that  there  may  be  no  leakage  from  the  wirea  to  interfere  wili 
the  teats  taken.  Indeed,  it  is  as  well  to  place  the  galvanometer 
and  the  other  upparatns  to  be  used  on  a  large  Bheot  of  gutta- 
percha or  ebouito,  more  cBpecially  if  the  room  in  wLicli  ibo  testa 
are  to  be  made  is  at  all  damp.  Sometimes  little  ebonite  cnps  are 
provided  for  the  levelling  tiMews  uf  the  instrument  to  stand  in, 
which  answers  the  purpose  of  insulating  very  thoroughly. 

The  inBtrument  should  be  set  np  on  a  very  firm  table  in  a 
basement  storey.  It  is  almost  useless  to  toMt  with  it  in  an  app^ 
room,  as  the  least  vibration  sondB  the  spot  of  light  dancing  and 
vibrating  to  and  fro.  At  all  cable  works  the  instrument  isplaoed 
on  a  solid  brick  table  built  on  the  earth  so  that  no  vibration  can 
possibly  affect  it. 

A  suitable  table  being  chosen,  sot  the  galvanometer  in  any 
Donveuient  position,  and  adjust  the  levelling  screws  until  the 
bubbles  of  the  level  or  levels  show  tho  instrument  to  be  perfectly 
level. 

Now  remove  tho  glass  shade,  and  gently  raise  the  stud  at  the 
top  of  the  coils  by  squeezing  the  tips  of  the  fingers  between  the 
head  of  the  stud  and  the  top  of  the  brass  plate  iji  which  it  runs. 
If  the  stud  is  raised  by  a  direct  pnll,  there  is  almost  a  certainty 
of  its  coming  np  with  a  jerk  and  breaking  the  fibre.    On  no 
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tiie  Htud  bo  twisted  round,  except  to  get  rid  txt_ 
toy  tomon  which  may  exist  in  the  fibre  when  it  has  been 
nplaoed  after  hecomiug  brukcit. 

Tho  stud  being  rftised  atiEticiently  bigli  to  allow  the  mirror  to 
swing  L'le&r  of  the  ouile,  replace  the  glnsB  shade,  screw  the  brass 
rod  with  the  inagnet,  on  to  its  top,  and  set  the  magnet  about 
half-way  np  the  rod,  the  poles  being  placed  bo  as  to  assist  in 
keeping  the  magnetic  needles  north  and  south. 

The  scale  lamp  t)eing  lighted,  place  it  in  position  on  the  scale 
stand,  the  edi/e  of  the  wick  being  turned  towards  the  braes  slider 
which  regulates  the  width  of  the  beam  of  light.  Having  opened 
the  slider  to  its  full  extent,  the  scale  and  lamp  should  be  placed 
about  3  feet  from  the  galvanometer,  so  that  it  stands  parallel  with 
the  faces  uf  the  coils,  and  so  that  a  line  drawn  at  right  angles  to 
the  scale  trom  the  lamp-hole  will  pasH  through  the  centre  of  the 
galranometer.  The  reflected  beam  of  light  should  then  fall  fairly 
nn  the  scale.  If  too  high,  this  may  be  remedied  by  propping  up 
the  scale,  aud  if  too  low,  by  screwing  iip  the  levelling  sorews  of 
the  galvanometer.  Should  tbe  light  be  too  high  on  the  scale,  it 
will  lie  found  an  easier  matter  to  prop  up  the  scale  tbnn  to  lower 
the  galvanometer  by  iiii«ans  of  the  levelling  screws. 

The  spot  of  light  should  now  be  sot  at  the  xero  point  on  the 
scale  by  turning  the  rogiilating  magnet  by  menus  of  the  screw; 
tha  B[iot  should  next  be  focussed,  by  advancing  or  retreating  the 
bump  and  scale  and  by  adjusting  the  lens-tube,  until  a  sharply 
defined  image  is  obtained  on  the  scale.  Th<3  width  of  the  slit 
may  then  be  diminished,  by  means  of  the  braits  slide,  until  a  thin 
line  of  light  only  is  obtained  on  the  scale.  If  the  round  spot  of 
light  with  the  line  acrixw  it  is  used,  the  focussing  must  bo  made 
so  that  the  black  line  is  sharply  defined. 

The  position  of  the  scale  and  galvanometer  being  once  ob- 

iiied,  their  positions  on    the  table  may   be   marked   for  future 

'.f-dsiona,  or,  at  least,  the  exact  distance  of  the  scale  from  the 

galvanometer   uoted,   so    that   it   can    be    placed    right   without 

trouble. 

The  instrument  being  now  ready  for  use,  if  it  is  not  required 
to  be  sensitive,  place  the  regulating  magnet  low  down  ;  if,  on 
Ute  cuntmry,  it  is  required  to  be  sensitive,  place  it  high  up. 

59.  To  obtain  the  maximum  temtUvenegs  .-^- Raise  the  magnet  to 
the  top  uf  tbe  Imt,  and  then  tunt  it  half  round,  so  tliat  its  polos 
dumge  places.  Tlie  magnet  will  now  lie  opposing  tbe  earth's 
BMnetisu,  uid  consequently  will  tend  to  turn  the  magnetic 
nsedloa  nraml'     If  the  magnet  in  at  the  top  of  tbe  rod,  the  effect 
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of  the  magnetiBm  of  the  earth  on  the  mt^etic  needlea  will  be 
more  powerful  than  the  magnetism  of  the  regalatiiig  magnet,  and 
the  needles  will  tend  to  keep  north  and  south;  but  by  placing  the 
regulating  magnet  lower  down,  a  point  is  reached  where  the 
earth's  magnetii^m  is  just  counteracted.  Under  these  conditioas 
the  needles  will  stand  indifferently  in  any  position.  By  placing 
the  regulating  magnet  about  on  inch  higher  thim  the  potiition 
which  givfs  thin  esaot  counteraction,  the  magnetiem  of  the  earth 
will  bo  juBt  BufGcicnt  to  keep  the  maguots  north  and  south,  and 
oonseq^uently  the  spot  of  light  at  the  zero  on  the  scale,  and  at  the 
same  time  leaves  the  magnets  free  to  be  moved  by  a  very  slight 
force.  It  will  be  noticed  with  the  regulating  magnet  in  this  posi- 
tion, that  in  order  to  get  the  spot  of  light  at  the  zero  point, 
the  magnet  must  be  turned  iu  the  opposite  direction  to  that  in 
which  it  is  required  that  the  needles  shotild  moTo. 

It  is  not  advisable  to  adjust  the  instrument  too  sensitiTely, 
because  it  is  difficult  then  to  keep  the  spot  exactly  at  zero,  as  any 
Blight  external  action  may  throw  it  a  degree  or  two  out. 

60.  The  presence  of  iron  near  the  iostrunient  is  not  prejudicial 
to  its  correct  working,  so  long  as  the  metal  remains  stationary. 
The  eiperinionter  should,  however,  remove  any  keys  or  knives  ha 
may  have  about  him,  as  they  very  much  affect  the  galvanometer  if 
he  moves  about  much.  These  precautions  may  seem  too  minute, 
but  as  the  very  object  of  the  Thomson  galvanometer  is  to  enable 
meaaurements  to  bo  made  with  accuracy,  iiU  likely  causes  of  dis- 
turbance should  be  avoided, 

61.  A  resistance  box,  containing  three  tAunfg,  is  usually  provided 
with  the  galvanometer,  of  the  values  ^th,  o'gtii,  and  ^iisiii  of  the 
resistance  of  its  coils,  which  values,  as  we  shall  show  in  the  next 
chapter,  enable  us  to  reduce  the  sensitiveness  of  the  galvanometer 
to  its  I'oth,  T  Jotl"'  "Dd  ,  ^ih  part  respectively. 

Fig.  35  shows  a  form  of  this  shunt.  By  ineeiting  a  plug  into 
one  or  other  of  the  holes,  the  required  shunt  is  inserted. 

The  numbers  ore  sometimes  marketl  as  ^'^th,  y-^th,  aud  -j-j^fpith, 
instead  of  ^th,  ,'gth,  ji^th,  thereby  indicating  that  the  particular 
shunt  reduces  the  deflections  of  the  needle  to  that  particular  frac- 
tion, but  they  have  really  just  the  same  adjustment  iu  both  oases. 

The  shunts  are  sometimes  enclosed  in  a  round  brass  box,  as 
shown  by  Fig.  36,  which  is  perhaps  a  more  portable  and  elegant 
form  than  that  shown  by  Fig.  35. 

For  the  galvanometer,  shown  by  Fig,  30,  p.  55,  a  special  form 
of  shuut  box  highly  insulated  has  been  designed.  This  is  shown 
by  Fig.  37. 
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Tho  two  broad  8trip§  of  copper  shown  in  Fig,  35  are  Tisod  for 
the  purpose  of  connecting  the  box  with  tho  galvanometer.  The 
bUnk  plng-bole  ia  for  tho  purpoea  of  ehort^ircuiting,  which  shoald 
always  be  done  when  the  inBtrument  is  not  actually  in 
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Method  of  Fixing  a  Satpengion  Fibre. 


62.  The  operation  of  replacing  a  broken  sTispensiun  fibre  is  by 
DO  means  an  easy  one,  and  unless  attempted  in  a  sj-stomatio  way' 
it  is  an  operation  which  is  exceedingly  trying  to  the  most  even 
temperament;  indeed,  we  have  known  of  several  experimenters 
who.  after  many  attempts,  have  had  to  resort  to  the  instrument 
maker  in  order  to  get  the  new  fibre  inserted.  Tho  following 
metbfid.  though  perhapa  it  may  not  be  one  whioli  is  generally 
adopted  (each  maker  having  his  own  preference),  answers  very 
Mtjefactorily : — 

Take  a  reel  of  copper  wire  (Fig.  38),  the  diameter  of  the  latter 
being  aboat  10  mils.  ('Ol  inch),  and,  if  covered,  remove  the  silk 
covering  for  an  inoh  or  more,  varnish  about  ^  inch  of  its  extremity 
with  a  little  thick  shellac  varnish.  Whilst  still  wet,  wind  the  fine 
silk  fibre  with  tweezerB  once  or  twice  ronnd  the  wet  end,  and  then 
isviii>or»te  with  a  heated  tool,  lite  a  screw  driver  for  example,  the 
ellac  thiut  secaring  the  silk  firmly.    Witli  nippers  cnt  off  about 
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I  ^  inch  of  the  wire ;  it  is  well  to  treat  the  other  end  of  the  eHk 
a  eimilar  maaner  (Fig.  39). 

TJee  uow  these  wires  like  a  sewiug-needle  would  be  used.     F»ae 
one  of  them  through  the  eyelet  of  the  astatic  BjrBtem  and  ma 
neat  knot.     In  performing  the  operation  have  in  each  hand  a 
of  tweezers  for  the  manipulation ;  never  ose  the  fingere.     Next| 


Sitk 


Wire 


r  faateu  the  other  end  of  tlie  fibre  to  the  sosponsiou 
pin  (a  horizontal  snepeneion  screw  if  the  latter  is  used).  SheUae  or 
thellae-varrtith  ahonld  never  be  used  tofx  the  inola.  The  background 
against  which  tlio  operation  is  carried  ont  should  be  black ;  a  slab 
of  ebonite  answers  well.  It  is  important  to  remove  any  burr  on 
the  suspended  eyelets  or  holes,  to  prevent  cutting  the  fibre.  With 
a  steady  band  nnd  a  little  practice  any  one  ahouhl  be  able  to 
■uspend  with  a  single  fibre. 

Thomson's  Dead-beat  Gaivanometer. 

fi3.  Great  inconvenience  and  loss  of  time  in  testing  often  arise 
from  the  needle  of  the  galvanometer  not  settling  down  at  once  to 
the  angle  of  deflection  it  should  take  up  when  under  the  influenoo 
of  a  constant  current,  but  oscillating  to  and  fro  several  timc« 
before  it  finallj'  comes  to  rest,  and  again  acting  in  the  same  way 
when  the  current  is  taken  off  and  the  needle  returns  towards  the 
zero  point.  The  object  of  the  ilmd-beat  galvanometer  is  to  avoid 
these  inconvenient  oscillations. 

Fig,  40  shows  the  arrangement  invented  by  Sir  William 
Thomson  for  effecting  this  object. 

A  is  a  brass  tube,  whose  end  a  a,  which  is  screwed,  is  closed 
by  a  piece  of  glass.  B  is  a  short  piece  of  tube,  which  is  screwed, 
and  whose  end  b  b  is  similarly  closed  by  a  piece  of  glass.  C  is  a 
1  short  pieoe  of  tube,  into  which  the  ends  uf  A  and  B  semr. 
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The  longth  of  this  tube  is  such  that  when  the  whuie  arrangement 
is  trnited  together  there  is  a  very  email  spitce  between  the  ends  a  a 
and  6  &  ;  a  small  air-tight  cell  in  faot  is  formed. 

Hanging  midway  ineide  C  is  a  mirror  m,  with  a  magnetic 
needle  fixed  to  it,  aa  in  the  ordinary  Thomson  galvanometer.  This 
mirror  very  nearly  fits  inaide  the  tabe,  there  being  only  jnst  room 
for  it  to  swing  freely  ;  it  is  suspended  by  a  very  short  fibre. 

F[o    iO. 


gai' 


The  space  between  a  a  and  b  b,  although  very  amall,  is  just 
imffioient  to  enable  the  mirror  to  turn  through  an  angle  large 
enough  to  give  a  good  deflection  of  the  spot  of  light  on  the  scale. 

The  complete  arrangement  is  inserted  in  the  centre  of  a  single 
golranometer  coil,  bo  that  the  mirror  occiipietj  the  samo  position 
that  it  does  iu  the  ordinary  galvanometer. 

Owing  to  the  air  inside  the  cell  being  bo  olosely  confined,  the 

ilent  movement  of  the  mirror  is  checked  when  it  is  acted  upon 
hy  a  cnireut  passing  through  the  coils,  and  the  consequence  is  that 
the  mirror,  instead  of  overshooting  the  mark  and  then  recoiling, 
turns  with  a  gradually  decreasing  velocity  towards  its  final  deflec- 
ticm,  and  ceases  to  move  when  the  latter  is  reached.  The  samo 
g  takes  place  when  the  current  is  cut  off;  in  this  case  the  spot 

ght  moves  back  to  zero  and  ceases  lo  move  at  that  point. 

ITie  suspension  fibre  being  very  short,  the  mirror  cannot  turn 
BO  freely  as  the  one  in  the  ordinary  galvanometer ;  its  sensitive- 
neas  is  therefore  not  quite  so  gi-eat  but  it  is  sufficiently  so  for  most 
parfKises  for  which  the  latter  would  bo  used. 

The  fibre  is  very  easily  replaced  when  broken.  One  end  being 
attached  to  the  mirror,  the  other  is  passed  through  a  small  hole  in 
the  side  of  C,  and  is  then  drawn  sufficiently  tight  to  suspend  the 
inside  the  tube  so  that  it  does  not  touch  the  sides,  a  drop 
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of  sliellaa  is  tlieu  applied  to  tho  hole,  whioh  cIobob  it  and  Gxea  thft  1 
fibre.  In  eomo  casou  the  cell  i§  filled  with  paraffin  oil,  which  Btill  ' 
further  tends  to  check  the  movemeiit  of  the  mirror. 

Thomson's  Marine  Galvanometeb. 
64.  This  iaetrument  is  specially  oongtructed  for  use  on  bonS'^ 
ship,  where  the  rolling  of  the  veBsol  and  the  oonstant  movement 
of  moasee  of  iron  about  would  render  an  ordinary  rofleotiiig  galvano- 
meter quito  nseleee. 

Fig.  41  ehowB  a  side  view  of  this  instrument,  the  npper  J 
being  drawn  in  section. 

Fio.  41. 


C  C  C  C  arc  tlie  cmh,  which  nio  Kiniilar  in  foi-m  to  thoec 
employed  in  the  ordinary  Thomson's  galvanometer;  there  is, 
however,  but  one  set,  of  two  Coils,  instead  of  two  eota  as  in  the 
latter  instrnment. 

Tlie  mirror,  with  the  magnetic  needle  fixed  to  its  baclc,  is 
strung  on  a  cocoon  fibre  in  a  brass  fmme.  The  fibi'e  is  fixed  at 
one  end,  and  at  the  other  is  attached  to  a  spring,  which  draws 
the  fibre  tight.  The  frame  elides  in  a  groove  between  the  coils, 
so  that  it  can  be  drawn  out  for  the  purpose  of  repairing  the 
fibre.  A  powerful  directing  horse-eboe  magnet  (not  shown  in 
the  fignre)  embraces  the  upper  parts  of  the  ooils,  and 


OALVANOMETEKa  66" 

oTerpower  the  directive  effect  of  the  earth's  magnetifim.  This 
Intter  effect  is  etill  fiirther  rendered  hannleBB  by  eneloBbg  the 
whole  ayeteni  in  a  masaive soft-iroD  case  A  A  A  A,  a  little  wiodow 
B  being  left,  through  which  the  raye  of  light  reflected  by  the 
mirror  enter  and  return. 

For  obtaining  exact  adjuetment  of  the  spot  of  light  to  zero, 
two  little  magnets,  n  and  s,  as  broad  as  the  mirror  magnet  is 
lung,  are  provided ;  by  turning  the  pinion  y  these  little  niugnets 
can  be  made  to  adrauce  or  retreat,  and  so  act  on  the  mirror 
magnet  to  make  it  turn  in  one  direclion  or 
the  other,  as  it  is  required.  p,g_  4g_ 

The  resistJinoe  uf  this  form  of  galvano- 
meter (which  is  shown  in  general  view  by 
Fig.  42)  is  usually  as  high  as  30,000  or 
40,000  ohms. 


*The  D'Aesohval-Depkkz  DEAU-BEAr 
Qalvujoiuetek. 
65.  The   main  peculiarity  of   this  in- 
stniment  lies  in  the  fact  that,  wherea:^   in 
almost  aJl  galvanometers  there  is  a  fixed  coil 

and  a  movable  magnetic  needle,  in  tbia  galvanometer  the  coil  u 
movable  and  the  magnet — a  massive  compound  horse-ehoe  of  ateel 
. — is  fixed.  Fig,  43  represents  the  instrunient  itself,  as  manu- 
factured by  P.  JoUn  &  Co,,  of  Bristol.  The  steel  magnet,  made  of 
lbre«  thin  horse-shoee,  each  magnetised  as  strongly  as  possible,  is 
firmly  fixed  to  a  metal  base,  with  its  poles  upwards.  Between  the 
{nlea  hangs  the  coil,  which  is  rectangular  in  form,  and  wfigbs  only 
a  few  grains;  it  is  held  in  its  place  by  a  thin  silver  wire  above 
and  another  thin  silver  wire  below.  The  coil  is  made  by  winding 
the  wire  ou  a  continuous  rectangular  frame  made  of  copper  or 
Bitver  OS  thin  as  possible ;  this  frame,  by  the  reactive  effect  of  the 
iodaced  currents  which  the  movement  of  the  coil  sets  up,  causes 
the  latter  when  deflected  to  come  rapidly  to  rest. 

To  reinforce  the  magnetic  field,  a  strong  compound  magnet 
nf  uylindrical  shape  is  arranged  so  that  the  laminations  are  in  a 
liortswutul  direction,  and  so  that  ita  north  pole  comes  opposite  the 
»>nth  pole  of  the  horse-shoe  magnet ;  it  is  placed  in  the  hollow  of 
the  suspended  rectangular  coil  without  touching  it,  and  is  firmly 
fixed ;  the  coil  is  then  free  to  turn  in  the  very  narrow  space  between 
the  compound  magnet  core  and  the  external  magnet-pules;  and  it 
need  hardly  be  added  that  this  contrivance  produces  a  very  intense 


en 

ise  I 


:tj«T«fore  a  most  tuefal,  and  indeed  an 
"  luent  {or  working  under  such  cuni}ttioDS 
11  tyriea  of  electrk'-light  plant 
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The  intensity  of  the  magnetic  field  in  which  the  coil  h  situated 
is  Buoh  that  whenever  the  galvanometer- circuit  is  closed — even 
tbroogh  a  considerable  resistance — the  motion  of  the  needle  is 
dead-beat.  It  takes  less  tlian  one  tteond  to  come  to  rest  at  its  final 
position  of  defiection,  and  when  it  returns  to  zero  it  does  so  with 
the  most  complete  ahaencc  of  oscillations.  Altogether,  the  form  of 
instrument  is  an  extremely  satisfactory  one. 


Fra.  44. 


6C.  The  angle  ofmaxivmm  gensitlveness  (page  25)  in  a  reflecting 
galvanotaeter  is  the  largest  defiection  we  can  obtain,  as  the  angle 
of  deflection  is  but  a  very  few  degrees  and,  consequently,  the  true 
maximum  angle  can  never  be  reached. 

67.  By  turning  the  controlling  magnet  of  the  instrument  so 
that  the  needle  is  tamed  through  a  large  angle,  the  normal  zero 
Liecomes  at  a  considerable  distance  ofl'  the  scale,  and  the  sensi- 
tiveness of  the  galvanometer  to  changes  in  the  current  strength 
prodncing  a  deflection,  con  be  made  very  great.  Thus,  supposing 
the  needle  to  be  normally  at  the  ordinary  zero,  and  suppose  that 
a  current  caused  it  to  deflect  to  350  divisions,  then  an  increase 
ill  the  current  of  say  1  per  cent,  would  increase  the  deflection  of 
350  X  101 


100 


,  353*5;  that  is,  wonld  increase  it  3-G  divisions. 


i 


I 
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If  now  the  working  zero  had  been  350  diTiaions  to,  say.  the  loft 
of  the  oidinaiy  sero,  and  if  llie  cnrreut  had  been  strong  enough  to 
prodiioe  a  defleotioii  of  350  divbione  to  the  right  of  the  ordiuu; 
zero,  then  the  deflection  would  be  equivalent  to  3S0  +  350,  oi 
700  divisionB,  and  an  iuureose  in  the  current  of  1  per  cent.  wonU 
increase  the  deflection  to ^ .  i  or  707,  that  is  to  Bay,  an 

increaae  of  T  divisioDiJ.  If,  lastly,  the  controlling  magnet  is  turned 
so  that  the  needle  has  a  zero  equivalent  to,  say,  2000  divisions  to 
the  left  of  the  ordinary  zero,  that  is  an  inferred  zero,  as  it  is  called, 
of  2000,  then  if  the  needle  were  deflected  to  the  right  by  a  current 
sufficiently  strong  to  bring  the  deflection  on  the  scale,  and  to  give 
it  a  value  of  350  to  the  right  of  the  ordinary  zero,  the  deflection 
repreBcnting  the  current  would  be  360  -f  2000,  or  2350  divisions, 
and  an  increase  in  the  current  of  1  per  cent,  would  increase  the 

deflection  to  ^--^.^Q  ^'^^  or.  2373-5,  that  is  to  say,  an  increase 

of  23 '5  divisions.  In  actual  practice  it  is  often  possible  to  nse 
an  inferred  zero  considerably  greater  than  2000,  and  with  corre- 
sponding advantage. 


The  Ballistic  Galtahometbr. 

68.  The  object  of  this  instrument  is  the  measurement  of 
transient  currents  such  as  ate  produced  by  the  discharge  from  a 
condenser,  or  currents  set  up  by  electro-magnetic  induotion. 

The  principle  of  the  instrument  depends  upon  the  arrangement 
being  such  that  the  movement  of  the  magnetic  needle  does  not 
practically  take  place  until  the  transient  current  has  ceased.  Is 
the  great  majority  of  cases  met  with  in  ordinary  testing  this  con- 
dition is  satisfied  approximately  in  the  ordinary  Thomson  refleot- 
iug  galvanometer,  since  the  disoharge  from  a  condenser  of  low 
capacity  or  from  a  moderate  length  of  cable,  such  as  wonld  have 
to  be  measured  in  practice,  is  extremely  brief.  Of  recent  years, 
however,  experimental  work  in  connection  with  dynamo  machineiy 
has  required  the  measurement  of  transient  currents  of  comparatively 
long  duration,  hence  the  use  of  the  ballistic  galvanometer  has 
become  more  general. 

In  the  ballistic  instrument  the  object  required  isefleoted  either 
by  enclosing  the  magnetic  needle  or  needles  in  a  hollow  spherical 
bullet,  or  by  having  each  needle  formed  of  a  cylindrical  shape  as 
shown  {drawn  to  an  enlarged  scale)  by  Fig.  45. 

The  needle,  it  will  be  seen,  is  formed  of  a  hollow  steel  thimUe 
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which  is  alii  down  its  length,  thns  forming  a  hone-flhoe  with 
semi-oylindTical  legs;  .the  thimble  is  fixed  on  an  axis  a  (,  which 
axis  may  have  several  of  these  thimbles,  i  e.  two  with  their  similar 
poles  set  opposite  each  other  in  the  centre  of  each  coil  and  others 
outside,  but  in  close  proximity  to  the  coils  (Tig.  47,  page  72). 

In  whatever  way  the  needles  are  arranged  the  object  aimed  at 
is  that  the  motion  of  rotation  shall  be  as  little  retarded  by  the  air 
resistance  as  possible. 


Fio.  45. 


Fio.  46. 


69.  The  principle  of  the  galvanometer  may  be  explained  as 
shown  by  Fig.  46.  Let  W  be  a  weight  suspended  from  a  string, 
and  let  Uiis  weight  be  pnshed  by  a  pressure  P  applied  for  a  very 
short  time  t.  The  velocity  v  with  which  W  will  move  at  the  end 
of  the  time  i  will  be 


bnt 


r  =  /<; 


/  = 


^^9 


W 


when  g  is  the  oo-effident  of  terrestrial  acceleration,  therefore 


and 


Now  the  work  aocamnlated  in  W  is 
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whioh  equals 

The  work  done  when  the  weight  has  moved  through  the  angle 

^is 

Wy.  [A] 

therefore 

^     =  Wy. 


or 


2W 

2W2 


=  y- 


Now 


that  is, 
or 

therefore 


a2  =  ya  +  ^2  =  y2  +  ^2  _  (i  _  y)a 

=  y^  +  P-P-y'  +  2Zy. 

a^  =  2Zy, 


or 


»  = 

2^ 

2W 

=  21' 

p2J!l 

o» 

[B] 


W2     ""^Z 

in  which,   since  ff^  is  very  small,  a  represents  the  number  of 
divisions  of  deflection. 

If,  now,  T  be  the  time  in  seconds  which  the  weight  would 
take  to  make  one  complete  oscillation,  i.e.  one  backwards  and 
forwards  movement,  when  swinging  freely,  then 


T  /7  1        T2 

2-="Va'    ^"    a  = 


therefore 


or 


9 


2irl 


4w^V 
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Now  if  we  push  the  weight  by  a  oontmnal  foroe  F,  to  an  angle 
)3°,then 

F  =  Wtan/?'  =  w|' 

if  j?'  is  very  small  and  &  is  the  number  of  divisions  of  deflection. 
We  have  then 

«r        FZ 


therefore 


P<  = 


F/ 

T"^^       FTg 
2Trl  2irh 


Now  P I  corresponds  to  a  current  kept  on  for  a  certain  time,  i.  e. 
to  a  discharge  of  so  many  coulombs  (Q)  *  of  electricity,  and  F  to  a 
permanent  current  of,  say,  A  amperes,  we  can  therefore  say 

^^    2ir6' 

The  g^  it  should  be  remarked,  in  the  mechanical  problem  corre- 
sponds to  the  deflective  force  of  the  earth's  magnetism  in  the  case 
of  the  galvanometer. 

For  example. 

The  discharge  from  a  condenser  gave  on  a  ballistic  galvano- 
meter a  throw  of  120  divisions  (a).  The  permanent  deflection 
produced  by  a  current  of  60  milli-amperes  ('05  amperes)  was 
240  divisions  (6).  The  number  of  complete  oscillations  which 
the  needle  made  in  60  seconds  when  swinging  freely  was  10, 
i.  e.  T  =  1^  =  6,  How  many  coulombs  did  the  condenser 
contain  ? 

'05  X  6  X  120     ^  coulombs. 

^       2  X  3-1416  X  240 

In  order  to  determine  the  number  of  swings  the  needle  makes 
in  a  given  time  the  eye  should  be  kept  fixed  on  any  point  on  the 
scale,  and  each  time  the  spot  of  light  passes  that  point  in  the 
dame  direction  a  count  should  be  made. 

70.  A  very  convenient  form  of  the  instrument  (designed  by 
Messrs.  Nalder)  is  that  shown  by  Fig.  47.  One  of  the  coils  is 
hinged,  and  when  thrown  back  (as  shown  in  the  fig.)  the  needles 

^  1  coulomb  is  the  qaantity  of  electricity  which  passes  during  1  second  when 
a  current  of  1  amp^  is  flowing. 
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can  easily  be  got  at  if  necessary.  The  olamping  screw  G  keeps  llie 
movable  ooU  in  its  place  when  the  coil  is  set  in  its  normal 
position. 

Fio.  47. 


0  IB  one  of  the  terminala  of  the  inetnimeiit,  and  F,  E,  D,  the 
suspension  adjustment. 

For  bringing  the  neodle  to  its  zero  position,  two  magnets,  A 
and  B,  are  provided,  the  former  giving  a  fine  and  tbo  latter  a 
ooarae  adjustment. 


Theow  Produced  e 


I  Pebmanent  Currest. 


71.  In  some  cases  it  is  required  to  know  to  what  permanent 
Vm  4fl  deflection  the  throw  produced  by  a  permanent 

current  corresponds.     This  problem  may  be 
dealt  with  as  follows : — 

Let  W  (Fig.  48)  lie  a  weight  urged  forward 
by  a  constant  pressure  P,  then  the  actual  pres- 
liure  P'  against  W,  when  the  latter  has  moved 
through  the  angle  6",  wQl  be  tie  pressure  P 
minus  the  resolved  back  pressure  exerted  by 
W;  this  back  pressure  will  be  W  Ian  ff^,  which 

equals  W  ^  if  ^  is  very  small,  therefore 
P'  p  P  -  W  ! ; 
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and  tiie  aooeleration  will  be 


.,      F         /P      x\ 


Now  the  movement  of  W  is  dne  to  a  contmnally  deoreaaing 
preesare  F  acting  against  W,  which  preanire  beyond  the  perma- 
nent deflection  position  heoomes  a  retarding  pressure  which 
eventnaUy  stops  the  moTement  of  W.  This  continnally  decreasing 
pressure  is  equivalent  to  a  continnally  decreasing  acceleration,  so 
that  if/*  is  the  acceleration  after  the  weight  has  moved  through 
a  distance  x^  the  velocity  which  W  will  have  after  it  has  moved 
through  a  distance  (  will  be  given  by 

'  K  a  be  the  permanent  deflection  when  the  needle  has  settled 
down  to  an  angle  a%  then 


P  =  Wtana**  =  W^ 


if  a°  is  small, 
*    Therefore 


When  the  needle  has  moved  to  its  fullest  extent,  then  V  =  0, 
hence 

2a6-y  =  0, 
or 

6  s  2a, 

that  is  to  say,  the  ihraw  of  the  needle  is  twice  the  permanent  deflection. 


Thbow  Produced  bt  a  Permanent  Current  Combined  with  a 

Sudden  Impulse. 

72.  It  sometimes  happens  that  the  throw  of  the  needle  is  pro- 
duced by  a  sudden  discharge  superimposed  on  a  permanent  current, 
as  for  instance  when  we  have  from  a  submarine  cable  a  static 
discharge  superimposed  on  an  earth  current;  we  may  then 
require  to  know  what  portion  of  the  throw  is  due  to  the  discharge 
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Fig.  49. 


alone.  In  this  case  we  have  W  urged  at  the  moment  the  prefisare 
P  is  applied,  by  an  impulse  which  would  give  it,  say,  a  velocity 
0.    Now,  if  a  body  after  moving  from  rest  with  an  accelerated 

motion,  is  moving  with  a  velocity  Y  after  it  has 
passed  through  a  certain  distance,  then  if  it  starts 
ofif  with  a  velocity  v  it  will,  after  passing  through 
the  same  distance,  have  a  velodly  Yj,  such  that 

Yi«  =  Y»  +  f^. 

Now,  the  velocity  which  W  (Pig.  49)  must 
have  in  order  to  move  it  through  the  angle  0^ 
will  be  the  velocity  which  it  would  -acquire  in 
falling  through  the  distance  y,  that  is 

but 


y  = 


Therefore 


therefore 


—^  (see  [B]  page  70). 


^         ^ 

^  =  gi; 


(see  [A],  page  73). 

When  the  needle  reaches  its  limiting  position  then  Vj  =  0, 
hence 

2  a  6  -  63  +  c'  =  0, 
or 

c^  =  62  -  2  a  6, 
that  is 

c  =  V^(fr-2a>  [A] 

For  example. 

The  discharge  from  a  submarine  cable  gave  a  throw  of  300 
divisions  (6),  and  after  the  needle  had  settled  down  it  was  observed 
that  there  was  a  permanent  deflection  of  100  divisions  (a) ;  what 
would  the  throw  (c)  have  been  had  there  been  no  current  pro- 
ducing the  permanent  deflection  ? 


c  =  V300  (300  -  2  X  100)  =  173  divisions. 
(See  also  §  76,  page  79.) 
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Fia.  50. 


COBRBOnON  FOR  DaMPINO. 

73.  The  swing  of  the  needle  of  a  galvanometer,  produced  by  a 
transient  current,  does  not  represent  the  actual  throw  due  to  the 
current,  bat  the  fnll  vibration  damped  by  the  resistance  of  the  air, 
&0. ;  if  we  wish  to  determine  the  aotuiJ  throw  which  would  take 
place  provided  no  ckfiijnfi^  existed,  we  must  make  a  correction. 
To  obtain  the  true  formula  for  this  correction  is  a  somewhat 
difficult  matter,  involving  an  intricate  calculation ;  the  following, 
however,  gives  a  closely  approximate  result : — 

Experiment  has  proved  that  all  the  vibrations  of  a  damped 
needle  are  made  in  approximately  the  same  time,  i.  e.  although 
each  vibration  is  less  in  magnitude  than  the  one  which  precedes 
it  yet  it  takes  the  same  time  in  its  vibration.  It  is  also  known  that 
the  damping  resistance  is  approximately 
directly  proportional  to  the  velocity  with 
which  the  needle  moves.  These  two  laws 
being  admitted  we  may  deal  with  the  pro- 
blem in  the  following  way : — 

Let  the  transient  current  cause  the 
weight  W  (Pig.  50)  to  swing  from  A  to  B, 
i.  e.  through  a  distance  a,  and  let  the  dis- 
tance through  which  it  would  have  moved 
had  there  been  no  damping  be  a^,  i.  e.  the 
distance  from  A  to  C.  Also  let  the  weight, 
when  it  swings  back  from  B,  swing  to  D, 
i.e.  a  distance  h  to  the  left  of  A.  Now  we 
see  from  equaidons  (A)  and  (B),  page  70,  that  when  there  is 
no  damping  the  work  done  in  moving  W  through  the  distaace  a^  is 

but  owing  to  damping,  W  has  only  moved  through  a,  hence  we 

have 

Kaj*  =  Ka^  +  resistance  of  damping. 

If  <  be  the  time  taken  by  W  in  moving  from  A  to  B,  then  as 
the  work  done  must  be  proportional  to  the  resistance  encountered, 

L  e.  to  ^         ' 

k- 


where  &  is  a  constant  and  -  the  velocity,  and  as  it  must  also  be 

9 
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proportional  to  the  distance  through  which  W  moyes,  there- 
fore 

resistance  to  damping  =  i  r-» 

hence 


or 


K(ai»-a»)  =  ib-.  [1] 

Similarly  the  work  done  by  W  in  moving  from  B  to  A  most  be 


and  the  resistance  encountered 


for  W  will  not  move  back  from  B  to  A  in  the  same  time  that  it 
moves  from  A  to  B  (actually  it  will  move  back  slower) ;  hence  the 
energy  left  when  W  arrives  at  A  will  be 


a? 


This  remaining  energy  has  to  move  W  from  A  to  D,  that  is  to 
say,  it  has  to  do  the  work 


that  is 


'a 


or 


K(««-6«)  =  *(«^  +  ^).  [2] 


Dividing  [2]  by  [1]  we  get 

t  t 


Now,  the  time  taken  by  W  in  moving  from  B  to  A  will  be  to 
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the  time  taken  by  it  in  moving  from  A  to  B,  as  a  to  b,  henoe  we 

have 

ti       a  (2       h 

Further,  the  ratio  of  the  magnitude  of  one  vibration  to  the 
magnitude  of  the  next  is  always  a  constant  quantity,  and  it  follows 
from  this  that  the  ratio  of  the  two  halves  of  one  vibration  on 
either  side  of  zero  will  be  in  the  same  proportion,  i.  e.  if  fi  be  this 
ratio 

p  =  - ,    or     h^  =  -,    and    -  =  - . 
0  pap 

Again,  since  the  times  of  all  the  complete  vibrations  are  the 
same,  and  since  the  ratio  of  the  halves  of  the  vibrations  on  either 
side  of  zero  is  the  same,  therefore  the  times  of  all  the  commencing 
halves  of  the  vibrations  must  be  the  same  (and  also,  of  course,  the 
times  of  all  the  concluding  halves),  hence  we  must  have 


i2=t^  or   b  ^  I. 


We  therefore  have 


or 


a^  -  l>2 

a-^l  +  l^ 

a,2  -  a^ 

therefore 

therefore 
therefore 

therefore 
or 


a^  p2  —  o^      a^  p  4-  a^ 

— 1 ^  =  —  -i —  =  p  +  1 ; 

a^  —  a^  a^ 

a^  p^^a^^  a^^  (p  +  1)  -  a^  P  -  a^  ; 

«i'(p  +  i)  =  «V(p+i); 


«1*  =  «^  p. 


^l  =  ^fj  ?• 


74.  If  the  damping  is  very  decided,  then  if  we  note  the  ampli- 
tude of  any  two  successive  vibrations,  the  larger  divided  by  the 
smaller  gives  us  p.     If,  however,  the  damping  is  small,  then  it  may 
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be  neoessary  to  take  a  large  number  of  yibrations,  obfierving  the 
amplitude  of  the  first  and  last,  and  also  the  number  of  vibrations 
made,  from  these  we  may  calculate  the  value  of  p. 

Fio.  51. 


Let  Pi  g,  r,  8  (Fig.   61),  represent  a  series  of  diminishing 
vibrations,  then : — 


Ist  vibration 

p 

2nd 

»> 

='=  f 

3rd 

»> 

-   — *  _£ 

4th 

n 

p    p' 

therefore 

nth 

9i 

-.     -  p  . 

p 

V&A^^*^  ^^  ft^^<&  ^# 

p"- 

1  =£, 

z 

or 

> 

1   . 

that  is 


=(-^p 


f /l>\2(n-l) 


For  example. 

The  first  of  a  series  of  vibrations  of  the  needle  of  a  galvano- 
meter was  280  divisions  (p),  and  the  6th  vibration  was  240 
divisions  {z) ;  what  was  the  correction  co-efficient,  and  what  would 
be  the  throw  on  the  instrument  when  undamped,  supposing  the 
throw  when  damped  to  be  310  divisions  ? 

1 

Correction  coefficient  =  (^^Y^^  ""  ^^  =  1-0195; 

lience  the  corrected  throw  is  310  x  1'0196  =  316  divisions. 
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75.  In  the  caae  of  formula  [A]  page  74,  the  correction 
co-efficient  mnst  be  applied  to  h  only  and  not  to  a,  as  the  latter 
being  a  permanent  deflection  is  of  course  not  affected  by  the 
damping;  the  result  worked  out  from  the  formula  gives  the 
undamped  throw  due  to  the  discharge  only. 

FiauBE  OF  Merit  of  Galyanombtebs. 

76.  The  "  figure  of  merit "  of  any  galvanometer  is  the  strength 
of  current  which  will  produce  one  division  or  degree  of  deflec- 
tion. In  order  to  find  this  current,  we  have  simply  to  join  up 
the  galvanometer  in  circuit  with  a  battery  of  a  known  electro- 
motive force,  and  a  resistance  of  a  known  value,  and  then  note 
the  deflection  obtained;  from  this  we  can  easily  calculate  the 
current  required  to  produce  1  degree  of  deflection;  thus,  for 
example,  if  we  had  a  tangent  galvanometer  which  gave  a  deflec- 
tion of  50°  with  a  10-cell  Daniell  battery,  that  is,  with  an  electro- 
motive force  of  10  volts  approximately,  there  being  in  circuit  a 
total  resistance  of  1000  ohms,  then  tiie  current  producing  this 
deflection  would  be 

1000  =  -^i^^P^™- 

The  current  which  would  be  required  to  produce  a  deflection  of 
1'  would  obviously  be 

which  is  consequently  the  figure  of  merit  of  the  instrument. 

In  the  case  of  a  Thomson  galvanometer,  we  have  simply  to 
divide  the  current  by  the  deflection  obtained  with  the  latter, 
since  the  deflections  are  approximately  in  direct  proportion  to  the 
currents  producing  them. 

If  we  require  to  determine  the  figure  of  merit  of  a  galvano- 
meter whose  defiections  throughout  the  scale  are  not  proportionate 
to  any  ordinary  function  of  the  degrees  of  those  deflections,  then 
it  is  best  to  employ  a  sufficiently  low  electromotive  force  and  high 
resistance  in  circuit  to  obtain  a  few  degrees  of  deflection  only, 
and  then  to  divide  the  current  by  this  number  of  degrees ;  for  on 
every  galvanometer  the  first  few  degrees  of  deflection  are  almost 
exactly  proportional  to  the  currents  producing  them,  although  the 
higher  deflections  are  not  so. 

'•  The  figure  of  merit "  of  a  galvanometer  has  a  considerable 


H4NDB00K   OF   EI.ECTRICAI,  TESTING. 


hiSSf 


bearing  upon  the  question  of  the  degree  of  accuracy  with 

it  is  possible  to  make  electrical  meaBureuieatB,  as  will  be  bmh 

hereafter. 

SEHStTlVENiSS  OV   QALVANOHTrKfiS. 

77.  A  galvanometer  with  a  high  "  figure  of  merit,"  that  is,  a 
galvaDometer  whose  iieeJle  will  deflect  from  zero  with  a  very 
weak  curreat,  is  not  neceBsarlly  a  highly  semitive  iustmincnt ;  by 
u.  Bejtsilive  galvanometer  we  mean  one  tehose  needle  when  defleclti 
under  the  iti^uetice  of  a  current  toill  cAanije  iU  dejtetticm  peroe^liblj 
icilli  a  very  tlighl  change  in  the  current  etrenglh. 

In  many  tests  it  ia  far  more  important  that  the  galvauomeler 
used  be  one  of  great  sensttiveueBa  rather  than  one  with  a  high 
figure  of  merit.  As  a  rule  it  is  rarely  that  an  instrument  with 
a  eompaag  suspended  or  a  pivoted  needle  is  highly  sensitive, 
unless  indeed  the  pivoting  is  exceptionally  good.  Practically, 
it  may  be  taken  that  for  high  setisitiveness  the  needle  most  be 
suspended  by  a  fine  fibre  so  that  its  movements  may  bo  perfectly 
free. 

78.  In  order  to  chook  the  oscillations  uf  the  galvanometer 
needle  when  the  latter  is  either  deflected  under  the  influence  of 
a  current,  or  when  it  recoils  after  the  current  Js  taken  off,  Mr. 
J.  Gott  suggests  that  a  small  coil  of  wire  should  be  placed  under 
the  galvanometer  in  circuit  with  a  smiill  battery  and  a  key, 


coil  being  in  such  a  position  that  when  a  current  passes  through 
it  a  deflection  of  the  needle  is  produced  ;  by  a  proper  manipula- 
tion (easily  acquired)  of  the  key,  it  will  be  found  that  the 
(scillations  of  the  needle  can,  with  such  an  arrangement,  be 
checked  in  a  few  seconds,  and  much  time  (an  important  item  in 
some  tests)  saved. 

A  very  convenient  contrivance  of  this  kind  is  mauufitctared 
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by  Messrs.  Nalder  Broe. ;  it  oonsists  of  a  coil  (Fig.  52),  which  can 
be  placed  in  any  convenient  position  near  the  galvanometer.  A 
double  key  enables  the  current  from  a  battery  to  be  sent  through 
the  coil  in  either  direction.  This  key  is  so  arranged  that  when 
either  lever  is  slightly  depressed,  the  current  from  the  battery  has 
to  pass  through  a  resistance,  and  thus  only  a  weak  current  flows ; 
when,  however,  either  lever  is  depressed  firmly,  then  the  resistance 
is  cut  out  of  circuit  and  the  full  current  flows.  This  arrangement 
greatly  facilitates  the  process  of  checking  the  oscillations,  and 
altogether  is  a  most  useful  device. 


<i 
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79.  In  making  oertain  measurements  we  sometimes  find  that, 
owing  to  the  sensitiveness  of  the  galvanometer,  we  are  unable  to 
obtain  a  readable!  deflection,  from  the  needle  being  deflected  up  to 
the  stops.    We  may  reduce  this  sensitiveness  by  the  insertion  of  a 

Shunt  between  the  terminals  of  the 
instrument.  This  arrangement  is 
shown  by  Fig.  63. 

If  it  is  required  to  reduce  the 
strength  of  current  which  ordinarily 
passes  through  the  galvanometer  to 
any  proportional  part  of  that  current, 
we  must  calculate,  from  the  renist- 
ance  of  the  galvanometer,  what  the 
resistance  of  the  shunt  should  be  to 
effect  that  purpose. 

Now  if  we  call  C  the  current  pass- 
ing through  the  galvanometer  without  a  shunt,  then  on  introducing 
the  shunt,  C  will  divide  between  the  two  resistances,  the  greater 
portion  of  the  current  going  through  the  smaller  resistance,  and 
the  smaller  portion  through  the  greater.  Thus,  if  we  suppose  the 
total  current,  which  passes  from  one  terminal  of  the  galvanometer 

to  the  other,  to  consist  of  G  +  S  parts,  then    75— t'q  of  these  parts 
will  go  through  the  shunt,  and  =  parts  through  the  galvano- 

(jr  -f"  o 

meter ;  that  is  to  say,  the  current  going  through  the  shunt  will 
bo 

'^G  +  S' 
and  the  current  going  through  the  galvanometer, 

S 


c 


G  +S' 
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If,  itt  ihia    last  quantity,  we  put  S  =  G,  then  current  going 
through  galvanometer  will  be 

_G__0 

G 

Again,  if  "we  make  S  =  -^ ,  current  going  through  galvanometer 

will  be 

a 

G+«^ 
^2 

Once  more,  if  S  be  made  equal  to  — ,   current  going  through  gal- 

Tanometer  will  be 

G 

3  0 


0 


G  +  «     ^ 
^  3 


Finally,  if  S  be  made  equal  to . ,   current  going  through  gal- 

yanometer  will  be 

G 

c— "^=^- 

'  n  —  1 

From  this  it  is  evident,  that  to  reduce  the  current  flowing 
through  the  galvanometer  to  its  -th  part,  we  must  insert  a  shunt 

whoee  reeistance  is -th  part  of  the  resistance  of  the  e^alvano- 

n  —  1      ^  ° 

meter. 

80.  In  many  galvanometers  three  shunts  are  provided,*  which 
enable  us  to  reduce  the  strength  of  current  flowing  through  the 
same  to  its  tV^^*  Tii;^^»  ^^  rvW^^  part.  From  what  has  been 
said,  it  will  be  evident  that  the  resistances  of  the  shunts  neces- 
sary to  produce  these  results  will  have  to  be  respectively  the 
|th,  vV^  ^^^  7Vff^^  P^^^  ^^  ^^^  resistance  of  the  galvanometer. 

♦  Page  60. 

Q  2 
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We  are  thus  enabled  to  rednce  the  senBttiveneBS  of  the  ^IvmMv- 
Dseter  to  any  one  nf  these  three  proportions  we  wish. 

MuUiplsing  Poieer  of  Shunt*. 

81.  Suppose  now,  in  making  a  meaearement,  wo  placed  a  re- 
siatanco  box  for  a  shunt  between  the  terminals  of  tlie  galvano- 
meter, and  then  adjusted  it  until  we  obtained  a  convenient 
deflection  for  the  purpose  we  required  ;  what  deflection  should  wc 
get  on  removing  the  shunt?  Let  na  call  C,  as  before,  the  current 
which  passes  through  the  galvauometor  when  no  ahunt  is  inaerted, 
and  let  C,  be  the  current  which  flowa  through  it  when  the  shunt 
ia  inserted,  then  the  current  which  fiuwa  through  the  shunt 
will  bo 

c-c,. 

Now  the  two  currents  will  flow  through  the  shunt  and  galvaoo- 
metor  in  the  inverse  proportion  of  their  resistances,  that  "        ^^ 


v^^J 


C,  :  C  -  C,  :  ;  S  :  ft, 
therefore 

Or  eKprcBsed  in   words,  we  should  say  that  the  current  which 
would    flow  through    the    galvanometer,    when    the   shunt   was 

,           111      Galvanometer  +  tihunt  ^.  ,, 

removed,  would  be    ^ — -l — times    the   strength    of 

the  current  which  flows  when  the  ahunt  ie  inserted.     This  pro- 
portion is  called  the  multiplying  power  of  the  shunt. 

Compensating  Betistancei, 
82.  It  will  be  noticed  in  a  circuit  like  that  shown  by  Fig.  53, 
that  when  a  shunt  having  a  resistance  equal  to  that  of  the  galvano- 
meter ia  introduced  between  the  terminals  of  the  latter,  it  will  not 
eiactly  halve  the  current  passing  through  the  inatniment.  If  we 
used  a  tangent  galvanometer,  wo  should  find,  if  the  deflection 
without  the  shunt  were  40  divisions  on  the  tangent  scale,  the 
introduction  of  the  shunt  would  not  bring  the  deflection  down  to 
20,  but  to  some  deflection  gi-oater  than  20.  The  reason  of  this  is 
that  the  introduction  of  the  shunt  reduces  the  total  resiatanoe  in 
the  battery  circuit,  and  consequently  increases  the  atrength  of  the 
current  passing  out  of  the  battery.     It  is  this  increased  current 


M 
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then*  which  splits  between  the  galvanometer  and  shiint,  and  not 
the  original  current,  f  If  it  is  required  to  make  up  for  this  de- 
creased resistance  caused  by  the  introduction  of  the  l^hunt,  it  is 
neoeasarj  to  add  in  the  battery  circuit  a  compensating  resistance 
equal  in  value  to  the  amount  by  which  the  original  resistance  has 
been  reduced.  (^In  order  to  obtain  this,  we  must  first  consider  the 
hrwof 

The  Joint  Besistance  of  two  or  more  Parallel  Circuits. 

83.  If  we  have  several  wires  whose  resistances  are  B^,  B,, 
Rj....  respectively,  then  conductivity  being  the  inverse  or 
reciprocal  of  resistance,  their  conductivities  may  be  represented  by 

■g-,  g-f   p-  ••..      Now  the  joint  conductivity  of  any  number 

of  wires  is  simply  the  sum  of  their  respective  conductivities. 
Thus,  two  wires  of  equal  conductivities,  when  joined  parallel  to 
one  another,  will  evidently  conduct  tmce  as  well  as  one  of  them ; 
and  in  like  manner,  three  wires  will  conduct  three  times  as  well  as 
one.  Similarly,  two  wires,  one  of  which  has  a  conductivity  of  2, 
will,  when  combined  with  one  which  has  a  conductivity  of  1,  pro- 
duce a  conductivity  2  +  1  or  3,  for  this  is  simply  the  same  as 
joining  up  three  wires,  each  having  a  conductivity  of  1 ;  and  so 
with  any  number  of  wires. 

Therefore  the  joint  conductivity  of  the  several  resistances,  or 
of  the  multiple  arc,  as  the  combination  is  called,  will  be 

Bi       Bj       B3 

and  conductivity  being,  as  we  have  said,  the  reciprocal  of  resist- 
ance, the  resistance  of  the  wires  will  be  the  reciprocal  of  this 
sum,  or 

1 

1  -^2  XC3 

That  is  to  say,  the  joint  resistance  of  any  number  of  wires  joined 
parallel  to  one  another  is  equal  to  the  reciprocal  of  the  sum  of  the 
reciprocals  of  their  respective  resistances, 

A  particular  case  of  these  combinations  is  that  of  a  joint  resist- 
ance of  two  resistances,  thus 

1  Bj  B2 

R,  ■*"  Rj 
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or,  the  joint  reeitlance  of  tieo  retlslancei  joivetl  paralUl  to  one  aiMker 
it  equal  to  their  product  ditiiied  by  their  tnm. 

84.  Applying  the  foregoing  law,  the  resistance  between  the 
tei'inioalB  of  the  galvanometer  befure  tho  inlrodnctioD  of  the 
Bhnut  being  G,  that  ou    the  introclnctiou  of  the  shunt  will  tio 

.y-Tje*       Or,  as  S  is  usually  uiaile  some  fractional  value  of  G, 
Bay  ttra rth  part  (whioh  value  would  be  used  in  rodadng  the 

GcnBitiTeiieBS  of  the  g»Ivanoineter  to  -th),  this  combined  resist- 
ance will  be 


-  1  n  -  1 


0+.^-"^^^ 


0] 


n-  1 
The  resistance  therefore  to  bo  added  to  the  battery  circuit  will  be 

For  example. 

It  was  required  to  reduce  the  sensitiveness  of  a  gulvanometeT, 
whose  resifitance  was  100  ohms  (O),  to  Jth.  What  should  be  ^ 
fosititance  of  the  shunt  and  of  Ihe  oomi^nsating  rcsiatance  ? 

lioBistance  of  shunt  equals 


100  X  ^^7^  =  25  ohms, 

[compensating  roaistance  e^iuak 
5  -  1 
100  X  — ^—  =  80  ohins. 


I 


Fiu.  04.  It  woiilil  bo  as  well  if  tho  shunt  boxes  pro^-ided 

'"'"^c  with  galvanometers  had  compensating  resistances  con- 
<.  uectod  with  them,  as  calculation  would  be  considerably 
/  simplified  thereby  in  a  large  number  of  measurements. 
Fig,  64  shows  bow  a  set  of  shunts  and  compen- 
sating  rcfiistftuces  may  be  adaptetl    to  any  galvano- 
meter ;    we   will   consider    how    their   vaines   may  bo 
determined. 

Let  S,  S„  Sj,  be  the  shunts  which  can  be  con- 
acted  to  the  galvanometer  by  inserting  plugs  at  A 
,orC. 
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Let  r^,  r^  r^^  be  the  oompensatiiig  resistanoeB,  and  let 


*"i  +  *"a  +  n  =  Bi 
''2  +  »'i  =  Ra* 


3 
4 


Now,  what  we  have  to  do,  is  to  find  what  values  of  S,  Si,  Sjt 
and  r^,  fj,  ri,  are  necessary,  so  that  when  a  plug  is  introduced 
either  at  A,  B,  or  C,  the  resistance  between  D  and  E  shall  always 
be  the  same,  whilst  the  necessary  portion  of  the  current  is  shunted 
off  from  the  galvanometer. 

Let  us  first  consider  the  shunt  S  and  the  compensating  resist- 
ance which,  in  this  case,  will  be  B^. 

When  the  shunts  and  compensating  resistances  are  not  in  use, 
the  resistance  in  circuit  is  of  course  G,  and  this  value  must  always 
be  preserved  between  D  and  E. 

Let  the  value  of  the  shunt  S  required  be  -th,  then  we  know 
(page  83)  that  the  resistance  of  S  necessary  to  give  this,  is 

n  —  1 
and  from  [2]  (page  86)  that  the  value  of  R^  must  be 

Ri  =  G^-^.  [5] 

n 

We  next  have  to  consider  what  value  to  give  to  Sj  and  Rj. 
Let  it  be  required,  by  means  of  these  resistances,  to  reduce  the 

deflection  by  —  th,  then  the  value  to  be  given  to  Sj  will  be 

to  solve  which  we  must  know  the  value  of  fj. 

Now  the  combined  resistance  of  the  shunt  and  G  -f-  ^1  we  can 
see  from  [1]  (page  86)  is 

therefore  the  value  required  to  be  given  to  Rj,  in  order  to  preserve 
the  resistance  between  D  and  E,  equal  to  G,  when  S^  is  connected, 
will  be 

B,=G.^+^ 
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or 


b,  +  !1'=g"'-^ 


n, 


n, 


16] 


but  from  [3],  [4],  and  [5]  (page  87) 

R2  +  ♦*!  =  Ej  =  G 


n-  1 
11 


17] 


therefore,  subtracting  [7]  from  [6],  we  have 

fji  —  1      n  —  1 


that  is, 


or 


1  -  ^h  ^  (.  «i  -« 
n,  nn,  ' 


n  —  n, 


consequently  the  value  of  Sj  will  be 


1  + 


n  —  n, 


^  ^a ?("*! ""  ^^      n  (**  "  ^)**^ 

^1  "  ^  n7  -  1       =  ^  n(n^~i)^ 

In  like  manner  it  could  be  shown  that  the  resistance  necessary' 

to  give  to  So  and  r^  4-  r^  to  reduce  the  deflection  to  its  —  th  part 


would  be 


(»  -  1 )  w. 


»^2    ^^    ^    "    ''-  -iNoS 


and 


or 


r.,=:G 


n  —  iij 


-ri- 


Filially  we  have  from  [3]  and  [6]  (page  87) 


n 


To  summarise,  then. 


«  -  1 


r 
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(n  -  l)n., 
and  fur  any  other  shunt  S 


°»-^n(n,-l)» 


Tho  compensating  resistances  between  the  shunts  will  be 

n  —  n, 


_.  1 


AU  (]  altio  we  have 


ri  +  r.,  +  .    .    .  +  r,  =  G  ^-— ^ 


or 


The  /a<^  resistance  r^  beyoad  the  last  shunt  will  be 

For  example. 

It  was  required  to  provide  a  galvanometer  with  x\y^^»  iod*^i 
and  if^QQ  shunts,  and  with  corresponding  compensating  resistances 
arranged  according  to  Fig.  54  (page  86).  What  should  bo  their 
values  ? 

We  have 

n  =  1000,  fij  =  100,  Wa  =  10 ; 

therefore, 

n  —  1  =  999,  111  -  1  =  99,  fij  -  1  =  9. 

Then 

S  =  Ggg^=G  X  -001001, 

".  =  « im"Z  8»  =  «  X  •«"»»»• 
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1000  X  99 
,,  1000  - 


=  G  X  -oogoooo. 


=  (i  (.11  -  -0090909)  =  G  X  -lOOOOSH  ; 


1000 


-(-■, 


-,-,)  =  G{-999- 


=  G  X  -889. 


If  tho  rosistsnco  of  tho  galTiinom titer,  for  which  these  ehunta 
and  compcDsating  retnotances  are  to  bo  provided,  is  5000  uhaut 

S     -  5000  X  -OOlOOl  =  5-005  ohms. 

S,   T=  5000  X   -010193  =       50-965 

Sj   =  5000  X  -123333  =     610-655 

r,    =  5000  X   -0090909  =       45'455 

r.,   =  5000  X   -1009091  =     504-545 

r,    =  5000  X   -889  =  4445-000 

Fig.  55  bIiowb  in  plan,  iiml  Fig.  5G 


^ 

J^ 

Y 

V 

? 

i 

j4  real  site 


ThumsoQ  galvanDDieter  ehuiit  Ijox   arrauf^ed  with  Mimpensating 
resietanceR,  as  manufactured  by  Moesre.  Nalder  Bros. 
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Tlie  plug  hole  -,  when  it  has  a  plug  inserted  in  it,  connects 

the  top  left-hand  brass  block  to  the  bottom  left-hand  block,  and 
8o  leaves  the  galvanometer  connected  to  the  terminals  of  the 
shunt  box  without  any  additional  resistance  in  its  circuit.  The 
connection  between  these  brass  blocks  is  shown  by  the  dotted 
line  in  Fig.  54  (page  86). 


Adjustment  of  Shunts, 

85.  The  accurate  adjustment  of  ordinary  shunts  is  often  a 
somewhat  troublesome  operation,  in  consequence  of  the  numerical 
values  of  the  resistances  of  which  the  shunts  are  composed  not 
being  whole  numbers ;  thus,  supposing  the  resistance  of  the  gal- 
vanometer to  be  5000  ohms,  then  the  resistance  of  the  -j^th  shunt 
would  have  to  be  5000  -i-  9,  or  555*56  ;  and,  practically,  this  could 
not  Ve  adjiuted  to  a  greater  degree  of  accuracy  than  one  decimal 
place.  Similarly,  ib/b  t^^  shunt  should  have  a  resistance  of 
5000  -T-  99,  or  50*505,  and  the  tAtq^  shunt  a  resistance  of  5000 
-T-  999,  or  5*005,  both  of  which  numbers  are  somewhat  awkward 
to  adjust  exactly. 

Now  on  page  86  (equation  [1])  we  saw  that  the  combined 

p 

resistance  of  the  galvanometer  and  its  shunt  was  — ,    consequently 

to  adjust  the  Vff*^  shunt  we  may  connect  it  to  its  galvanometer 
coil,  and  adjust  it  until  the  joint  resistance  of  the  two  becomes 
equal  to  5000  -4-10,  or  500  ohms.  Similarly,  the  yw*^  shunt 
would  be  adjusted  by  connecting  it  to  the  galvanometer  coil,  and 
adjusting  it  until  the  joint  resistance  was  found  to  be  5000  -f-  100, 
or  50  ohms ;  lastly,  in  like  manner  we  should  adjust  the  tAo*^ 
shunt  until  the  combined  resistance  of  the  two  became  5000  -r- 
1000,  or  5  ohms. 

86.  We  have  shown  in  a  previous  chapter  (page  48)  that  the 
deflections  on  the  scale  of  a  Thomson  galvanometer,  except  when 
they  are  nearly  equal,  are  not  directly  proportional  to  the  current 
strengths  which  produce  them,  and  that  to  compare  them  a  foimula 
must  be  used.  If  we  wish  to  avoid  the  use  of  this  formula  we 
must  adopt  some  method  of  avoiding  widely  different  deflections. 
This  we  can  do  by  using  a  variable  shunt  for  the  galvanometer, 
and  with  it  obtaining  either  equal,  or  nearly  equal,  deflections  for 
all  measurements  made  in  one  set  of  tests. 


L 
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The  graduated  BCalo  of  any  galvanometer,  it  should  bo  noA- 
leoted,  ifl  not  only  for  the  purpoM  of  enabling  the  etrenglLe  of  two 
or  more  currents  to  be  compared  by  different  dofioctiona,  bnt  ii 
also  for  the  purpose  of  enabling  any  deflection  which  may  be 
obtained  to  lie  reproduced  when  required. 

87.  It  is  best  to  obtain  as  high  a  deflection  as  possible,  for 
then  not  only  will  a  slight  variation  from  the  correct  resistance  of 
the  ahunt  produce  a  greater  number  of  degrees  of  variation  from 
the  deflection  required,  than  would  be  the  case  if  a  low  deflection 
were  used  (§  67,  pago  67),  but  also  a  higher  reaistance  being 
required  for  the  shunt,  a  greater  range  of  adjustment  is  given  to  it 

Caliitration  of  Galvanometert. 
S9.  By  the  help  of  tho  points  wo  have  just  considered  we  Ma 
griiduate  or  calibrate  (§  46,  page  46)  the  scale  of  a  galvanometer. 
To  do  this,  first  calculate  from  the  known  resistance  of  the 
galvanometer,  the  resistance  of  shunts  required  to  reduce  tlie 
amount  of  current  passing  through  tho  galvanometer  when  no 
shunt  ia  inserted,  to  J,  J,  },  J,  &c.,  the  amount  passing  when  ashuut 
is  inserted,  then  the  resistance  of  the  shunts  necesanry  to  reduce 
the  current  to 

i.J.i.J 7tl> 

will,  as  we  have  shown,  be  vBI 

i.i,s.j,  —  .-h*  tB 

of  the  resiatance  of  the  galvanometer.  Now,  as  we  have  also 
shown,  the  insertion  of  shunts  reduces  the  rcsistauco  of  the  circuit 
in  which  the  galvanometer  is  placed  ;  we  must  therefore  also 
calculate  the  resistances  necessary  to  be  inserted  in  the  circuit  in 
order  to  compensate  for  the  reduction  of  reaistance  which  taVui 
place  when  a  shunt  is  inserted.  These  resistaucea  will  bo 
respectively 

i.  i,  S.  « ■-J^'th 


wiU  bo  I 
ic  otlm-   ' 


of  the  resistance  of  the  galvanometer. 

The  shunts  and  their  compensating  resistanoee  being  calm-    ' 
latod,  to  calibrate  the  galvanometer  we  proceed  as  follows  :  — 

The  galvanometer,  a  resistance  box,  and  a  battery  are  joined 
up  in  circuit.  The  J  shunt,  that  is,  the  shunt  equal  in  resist- 
ance to  the  galvanometer,  is  then  inserted,  together  with  the 
corresponding   compensatiug   resistance   in    the    resistanoa 


wnn  ine     i 
anoa    box.   J 
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Suffioient  resistance  is  now  added  in  the  latter  to  bring  the 
deflection  down  to,  say  1°;  the  shunt  and  compensating  resist- 
ance are  then  remoyed,  and  as  the  resistance  in  circuit  is  the 
same  as  before,  and  also  the  whole  of  the  current  passing  in  the 
circuit  now  passes  through  the  galvanometer,  the  strength  of 
current  affecting  it  is  exactly  double  that  which  deflected  the 
needle  originally;  the  deflection  of  the  needle,  therefore,  now 
represents  a  strength  of  current  double  that  of  the  previous 
experiment.  We  next  insert  the  ^  shunt  and  its  compensating 
resistance,  and  by  again  adjusting  the  resistance  coils,  obtain  a 
deflection  of  1° ;  on  now  removing  the  shunt  and  compensating 
resistance  we  get  three  times  the  strength  of  current  passing 
through  the  galvanometer ;  the  deflection  obtained  therefore  will 
represent  that  strength,  and  so  by  inserting 

J,  I,  ...  .  i-th 

shunts  one  after  another,  and  repeating  the  process  described,  we 
can  get  the  deflections  corresponding  to  strengths  of  current  equal 
to  1,  2,  3,  4,  .  •  .  •  n,  and  the  scale  can  be  marked  correspond- 
ingly; or  these  deflections  and  the  corresponding  currents  pro- 
ducing them  can  be  embodied  in  a  table,  so  that  by  referring  to  the 
latter  we  can  at  once  see  the  relative  powers  of  various  currents 
giving  different  deviations  of  the  needle. 

89.  It  is  evident  that  if,  in  making  a  measurement,  we  want  to 
reduce  the  deflection  of  our  galvanometer  to  a  readable  value,  we 
can  do  so,  either  by  placing  a  large  resistance  in  the  circuit  of  the 
instrument,  or  by  introducing  a  shunt  between  its  terminals.  It 
is  possible  also,  in  certain  cases,  to  produce  the  same  effect  by 
connecting  a  shunt  between  the  poles  of  the  battery,  but  this  is 
not  always  advisable,  as  it  interferes  with  the  constancy  of  the 
latter. 

If  the  resistance  of  the  battery  and  galvanometer  in  a  simple 
circuit  be  very  high  it  requires  a  very  considerable  increase  of 
resistance  in  the  circuit  to  produce  an  alteration  in  the  deflection 
of  the  galvanometer  needle,  whereas  just  the  reverse  is  the  case  if 
a  shunt  be  used  to  produce  that  effect.  This  fact  is  an  important 
one,  as  it  has  a  considerable  bearing  upon  the  accuracy  with  which 
measurements  can  be  made. 
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CHAPTEK  V. 
measurement  of  galvanometer  resistance. 

Half  Deflection  Method. 

00.  The  simploBt  iuotlio<l  of  dGterminiDg  the  resiiitaiice  of  a 
galvatiQiueter  is  pcrh.ips  the  oae  we  havo  already  given  on  page  5 
(§  9).  In  this  metbdd  it  will  bo  seen  we  joined  up  the  galvano- 
meter, whose  rosiBtanee  (G)  was  required,  in  circuit  with  a  battery 
of  very  low  i-eeiBtanoe,  and  having  obtained  a  certain  deflection 
we  addei)  n  reeititance  R,  bo  tliat  the  current  passing  in  the  circnit 
became  halved  in  etrenglb,  the  reeiatance  (Q)  of  the  galvanometer 
was  then  equal  to  the  resiBtanco  R. 

If  we  were  nieaBiiring  the  resistanoe  of  a  lan^ent  galvanometer, 
the  deflections  obtained  ttbonld  bo  such  that  the  tangent  of  one 
deflection  is  half  the  tangent  of  the  other,  the  precaution  against 
having  the  deflections  too  high  or  too  low  being  duly  taken  (S  31, 
page  26). 

91.  In  measuring  the  resistance  of  an  ordinary  galvanometer 
by  this  method  it  would  be  necessary  to  know  what  r»tio  tiie 
deflections  bore  to  the  current  stronglhs  producing  them,  bo  that 
the  resiataucee  may  be  adjusted  accordingly. 

A  convenient  arrangement  is  to  employ  a  tangent  galvanometer 
of  a  known  low  roeislance  in  circuit  with  the  galvanometer  whose 
resistance  Is  inquired,  and  to  take  the  readings  from  the  1ang6tit 
galvanometer,  then  the  resistance  R  will  evidently  be  the  redat- 
ance  of  the  two  galvanomotors  together.  If,  then,  we  subtract 
from  this  result  the  known  resistance  of  the  tangent  galvanometer, 
wo  get  the  resistance  we  are  trying  to  obtain.  If  we  have  not  a 
tangent  galvanometer  at  hand,  and  if  moreover  we  c&nnot  tell 
what  ratio  the  deflections  bear  to  the  current  strengths  producing 
them,  we  mnst  of  course  employ  a  different  method  of  testtDg. 

92.  Another  method  given  on  page  5  (§  8)  consisted  in  Joining 
up  the  galvanometer,  whose  resistance  (G)  was  required,  in  circuit 
with  a  resistance  p,  and  a  battery  of  very  low  resistance,  and 
having  obtained  a  certain  deflection  to  increase  p  to  P.  so  that  the 
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current  passiDg  in  the  oircnit  became  halved  (as  indicated  by  the 
galyanometer  deflection),  the  resistance  (G)  of  the  galvanometer 
was  then  given  by  the  formula 

G  =  R  -  2p. 
Far  example. 

With  a  tangent  galvanometer  whose  resistance  (G)  was  to  be 
determined,  and  a  battery  whose  resistance  was  very  small,  we 
obtained  with  a  resistance  in  the  resistance  box  (as  the  set  of 
resistance  coils  is  sometimes  termed)  of  10  ohms  (p)  a  deflection  of 
58%  and  by  increasing  the  resistance  to  120  ohms  (R)  the  deflec- 
tion was  reduced  to  38^°  (tan  38^°  =  i  tan  58**) ;  what  was  the 
resistance  of  the  galvanometer  ? 

G  =  120  -  2  X  10  =  100  ohms. 

93.  In  the  foregoing,  and  indeed  in  all  tests,  it  is  important  to 
consider  what  resistances  and  battery  power  should  be  employed 
to  make  the  measurements,  so  that  the  greatest  possible  accuracy 
may  be  ensured. 

If  we  employ  very  high  resistances  to  measure  a  low  resist- 
ance, a  considerable  alteration  in  the  former  would  produce  but 
little  alteration  in  the  current  flowing  through  the  galvanometer, 
for  the  electromotive  force  being  constant,  this  cun*ent,  and  con- 
sequently the  galvanometer  deflection,  is  dependent  upon  the  total 
resistance  in  the  circuit,  and  an  alteration  of  several  units  in  a 
large  total  practically  leaves  its  value  the  bame,  but  then  a  few 
units  too  much  or  too  little  inserted  in  a  formula  may  make  the 
result  appear  very  much  greater  or  less  than  its  true  value. 
Thus,  in  the  test  we  have  been  considering,  suppose  the  battery 
power  had  been  such  that  we  found  it  necessary  to  have  the  resist- 
ance p  =  2000  ohms,  and  that  to  halve  the  deflection  we  found  it 
necessary  to  increase  p  to  4100  ohms  (R),  this  would  make  the 
resistance  of  the  galvanometer  to  be,  as  we  saw  before, 

G  =  4100  -  2  X  2000  =  100  ohms. 

Now,  practically,  if  the  resistance  R  had  been  made  4200  ohms 
the  deflection  would  have  been  halved ;  whatever  difibrence  there 
was,  would  scarcely  be  appreciable. 

If  now  we  work  the  result  out  from  the  formula  we  get 

G  =  4200  -  2  X  2000  =  200  ohms, 
or  double  what  it  ought  to  be.     It  is  possible  indeed  that  the  error 


IIANDBOUK   UK   BLBLTRIUAI,   TESTING, 

might  be  greater  than  this.      The  t«st,  in  fact,  woald  1«  ^ 
□Eelees. 

In  order  to  liiive  the  beat  chauoe  of  aocuracy  w&  Bhoiild  mate 
onr  roBiBtrtiicofl  as  iow  aa  possible,  for  then  n  small  change  or  emir 
in  the  latter  pi-oducea  the  greatest  increase  or  decrease  in  the 
carrunt,  and  conaeqnently  also  in  ihe  deflection  of  the  gHlvano- 
meter  needle,  and,  on  the  other  hand,  it  prodnceB  the  smallMt 
error  in  the  value  of  (i,  when  the  latter  is  worked  out  from  the 
formula. 

In  order  to  make  R  as  low  as  poaaibte  it  is  evident  that  we 
must  makti  f>  ne  low  as  pOBsiLle. 

94.  ^itat  degree  o/aeeuraey  ie  atluinuble  inmitkiDg  the  teit?  This  !■  depea- 
ilent  upon  (bo  "  tntul  possible  perceiiCaga  of  tittot  wliioh  mny  exist  iu  the  aocoDd 
ileflec<tion"  (  §44.  paga  44).  WohaTeUiGDtovoDBidiT  what  error  iti  the  Vftlueor 
U  Ibe  total  orrar  in  tlie  scoond  doAectioii  vOl  caiue. 

TLe  ernii'  iu  G  must  l)c  occasionLHi  !iy  the  v.nluo  of  R  being  obtaioed  iiioorreatlj, 
this  wrong  value  of  R  being  duo  to  au  oitor  mink  iu  reading  tUo  tuagnitnda  of 
the  second  defleotioii.     If  in  the  formula 


O   : 


R~2p 

t.  in  R,  tlioa  the  r 


'(■  +  ii)'' 


inlting  pcrepDlage  enor 


wo  mate  a  miBlakii  of,  nay.  A',  p 
\',  in  Q  will  be  \'  =  a',  -, 

Xow  tbe  accumoj  with  which  we  am  adjust  li  is  directly  dependent  upon 
II le  necuraoy  with  which  we  can  adjust  (Q  +  R),  for  the  latter  ii  the  (ofaJn^Bisbiace 
iu  the  circuit  of  the  galrnnomotcr.  and  tberefuro  any  change  or  rrror  made  in 
the  value  of  the  galfanomater  deflection  (the  second  deflection)  most  be  In  direct 
liroporlion  to  the  Chan ge  or  error  made  in  (G  +  B);  oonaoquently  if  we  are  liable 
lo  make  an  error  of  y'  per  cent.  In  the  value  of  the  seconit  deflection,  and  lu 
fif  a',  per  cent,  f  n  R,  then  we  must  have 

yr^',i;B:G  +  B, 
■  ■       (G  +  B)V 


2p.  or,  B  =  G  +  2p, 

_2_{G  +  p)y 


In  mFOBuring  the  rcBiutanoe  of  Uie  gnknnomoler  in  the  example  giTB 
pnge  on.  it  WM  known  (hat  the  "  totol  poailblo  peroeiitngc  of  ftrnr  (y")  whieh 
cnuldei>«t  in  tlicnecond  ihllei-tifin  "  miild  not  eiceed  1-7  pi-r  roiil,  (Ii^iunp1e2, 


Kissible:  but  eijaatiun  [A]  (page  9S},  which  represents  the  relatlTO 
the  arrora  K'  and  7',  although  it  ehoWB  that  the  error  \'  is  smallest  when 
all  as  posaible,  at  the  same  time  shows  that  we  gain  bat  little  b;  milking 
iDOh  imallei  than  O,  for  A'  is  only  ttrioe  as  great  when  p  =  0,  as  it  is 

:  G. 

Fraotically  we  may  say  therefore  that  the 

Beat  ConditioM  /or  making  the  Teet 
lake  p  a  fraotioDal  valae  of  G ;  and  in  the  caBe  of  a  tangent 
imeter  the  two  defleotions  obtamed  should  be  as  nearly  ae 
.  55°  and  35^°  (9  34,  pages  27  and  28). 
I  as  regardB  the 

PtutiUe  Degree  0/  Aceuraey  attatnMe. 
e  can  determine  the  value  or  the  deflection  of  the  galvano- 
needle   to  an   aoouiaoy  of   y'   per  cent.,  then    we   can 

ne  the  value  of  G  to  an  aocuraoy  of  2  (l  +  (j  j y' per  oent. 
is  very  small,  then 

\'  =  2  y' ; 

even  under  the  best  conditions  for  making  the  teet,  the 
y  with  vrbioh  the  value  of  G  could  be  determined  would 

one-half  of  the  aoouraoy  with  which  the  de&eotions  oould 
rved. 


98 
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Equal  Deflection  Method. 

97.  The  theory  of  this  method  is  as  follows:— The  galvano- 
meter whose  resistanoe  Q  is  re- 
.  Fig.  57.  quired,  a  resistanoe  p,  and  a  battery 

E  of  very  low  resistance,  are  joined 
up  in  oirooit,  as  shown  by  Fig.  57, 
a  shunt  S  being  between  the  ter- 
minals of  the  galvanometer ;  a  de- 
flection of  the  galvanometer  needle 
is  produced.  Let  0  be  the  cur- 
rent flowing  out  of  the  batteiy, 
then 


515UUUUU. 

P 


0  = 


E 


P  + 


GS 

G+S 


This  current  divides  into  two  parts,  one  part  going  through  S,  and 
the  other  part  through  the  galvanometer.  It  does  this  in  tho 
inverse  proportion  of  the  resistanoe  of  those  circuits,  the  part,  C^ 
going  through  the  galvanometer  being 


Ci  = 


E 


S 


ES 


P  + 


GS 


G  +  S  "S(G  +  p)  +  Gp' 


G-l-S 

The  shunt  S  is  now  removed;  this  causes  the  deflection  of  the 
galvanometer  needle  to  be  increased,  p  is  now  increased  to  B, 
so  that  the  deflection  becomes  the  same  as  it  was  previous  to  the 
removal  of  the  shunt,  or  in  other  words,  so  that  the  strength  of  the 
current  passing  through  the  galvanometer  is  0^,  then 

E 
^i"R  +  G' 

therefore 

ES JE_ 

S(G+  p)-|-Gp  -  R  +  G* 

By  dividing  both  sides  by  E  and  multiplying  up,  we  get 

SR  +  GS  =  GS  +  Sp  +  Gp; 


therefore 
from  which 


Gp  =  SB- Sp, 
G  =  s5^^- 
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FcT  example. 

A  galvanometer  whose  resiBtanoe  (G)  was  required,  was 
joined  np  in  oiroiiit  with  a  resistance  of  200  ohms  (p),  a  shunt 
of  10  ohms  (8)  being  between  the  terminals  of  the  galvano- 
meter? 

On  removing  the  shunt,  it  was  necessary  in  order  to  reduoe  the 
increased  deflection  to  what  it  was  originally,  to  increase  p  to 
2200  ohms  (B).    What  was  the  resistance  of  the  galvanometer  ? 

2200  —  200 
G  =  10  — 200 ~  ^^^  ohms. 

98.  In  making  this  test  practically,  we  should  proceed  thus : — 
Join  up  the  instruments,  as  shown  by  Fig.  58,  taking  care  that 
the  two  infinity  plugs  are  firmly  in  their  places.    Plug  up  the 


Fig.  58. 


three  holes  between^  B  and  0,  and  remove  the  necessary  plugs 
between  D  and  B.  Next  remove  plugs  from  between  D  and  E, 
80  as  to  introduce  the  resistance  p.  On  the  right-hand  key  being 
depressed  the  deflection  of  the  galvanometer  needle  is  obtained. 
The  galvanometer  should  be  gently  tapped  with  the  finger  in  order 
to  see  that  the  needle  is  properly  deflected  and  is  not  sticking,  as 
it  is  very  liable  to  do,  especially  when  a  compass  suspended  needle 
is  used. 

The  oscillations  of  the  needle  may  be  arrested  by  a  skilful 
manipidation  of  the  key;  slightly  raising  it  when  the  needle 
swings  under  the  influence  of  the  current  and  again  depressing  it 
when  it  recoils. 

H  2 


resistanoB    I 
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The  needle  being  steadily  deflected,  and  the  precise  r 
(p)  in  the  box  noteii,  the  loft-hand  infinity  plug  must  be  removed, 
and  the  rosiatanco  between  D  and  £  inoreaeed  until  the  dcfiectiou 
becomes  the  same  us  it  was  at  first,  and  the  reaietance  (R)  being 
noted,  the  formula  is  worked  out. 

99.  What  are  the  best  values  of  S  and  p  to  employ  in  making 
a.  test  like  this  ?  Shoold  we  make  S  and  p  of  low,  high,  or  medlimi 
values? 

The  answer  to  these  queries  has  an  important  bearing  npon 
the  accuracy  with  whioh  the  test  can  be  made ;  and  as  we  shall 
more  than  once  have  to  oonaldor  questions  of  a  similar  kind,  we 
shall  in  the  present  instance  enter  at  some  length  into  the  problem. 

There  arc  two  quantities  whoso  values  wo  have  to  determine, 
viz.  S  and  p ;  let  us  first  consider  what  S  should  bo,  supposing  B 
■  be  a  given  quantity  and  p  to  vary  along  with  S. 

If  wo  oxamino  the  formula  we  shall  see  that  if  wo  make  S 
email,  then  an  error  of  one  or  two  nnits  in  the  correot  value  of  B 
will  make  a  much  greater  difference  in  the  formula  than  would 
bo  the  case  when  there  is  the  same  nuniber  of  units  of  difference 
with  S  large;  thus  to  take  a  numerical  example,  suppose  wa  1 
the  following  values  in  the  formula: — 


pposc  wo  made  R    120    units  too  large,  " 
P  _  .  620  ■ 


liave 

.  62_0  -  20 
20 

or  an  error  of  150  ~  120  =  30  uhius.     Next  let  us  suppose  Ji 
the  following  valuee  :— 


^  500^-  400  _ 
400 


0  =  480  '^~^"  =  120  ohms, 

T  of  120  units  in  It,  we  then 


I 


and  as 

before  let 

there 

be  B 

Ln  eiTor  of 

have 

G  = 

■■  480 

620  -  400 
400 

or  an  error  of  264  —  120  =  144  ohms,  and  if  9  and  p  had  bwn 
higher  still  we  should  have  seen  that  the  error  would  have  )>een 


M 
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To  put  the  case  in  another  way ;  in  the  last  example  let  ns 
suppose  the  error  in  R  had  been,  not  120  units,  but  25  units ;  that 
is,  m%ke  B  =  500  -f  25  =  525 ;  we  then  find  that 

G  =  480  —~^^  =  150  ohms. 
400 

The  error  in  O,  in  fiEict,  in  the  former  case,  where  B  was  120  units 
too  large,  was  no  greater  than  it  was  in  the  latter  case,  when  the 
excess  in  the  correct  value  of  B  was  but  25  units.  From  this  it 
must  be  evident  that  it  is  highly  advantageous  to  make  S  as  ftnall 
as  possible.  Let  us,  however,  put  the  matter  in  algebraical  form ; 
thus,  let  X  be  the  error  in  G,  and  let  ^  be  the  excess  in  the  value 
of  B  which  causes  this  error,  then  we  have 


and 


G+x  =  s^  +  ^"^=  s?-:i^  +  s^, 

p  p  p 


GqB—  p  SB 

=  S ,  or,     p  = 


therefore  by  subtraction, 

From  this  we  see  that  with  a  constant  error  <^,  made  in  B,  the 
corresponding  constant  error  X,  made  in  G,  will  be  as  small  as 
possible  when  S  is  very  small,  as  indeed  we  before  proved ;  but 
we  also  see  that  we  gain  but  little  by  making  S  a  very  small 
fractional  value  of  G,  for  the  error  would  be  only  twice  as  great 
with  S  =  G  as  it  would  be  if  S  were  very  nearly  =  0.  It  would 
not  do,  however,  to  make  S  greater  than  G,  for  G  +  S  increases 
very  rapidly  by  increasing  S.  Practically,  therefore,  we  may 
say : — make  S  a  fractional  value  of  G. 

We  have  next  to  determine  what  is  the  best  value  to  give  to  (> 
sapposing  S  to  be  a  fixed  quantity. 

Now  if  we  put  the  equation 

p 

in  the  form 
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wQ  can  Bee  tliut  whtttever  value  p  has,  B  will  liKve  an  exactly 
proportional  corresponding  value ;  thus  to  tnliP  the  example  we 
^rat  had,  viz. : 


G  =  6=HL^=^(»?-.), 


if  in  making  the  teet  we  had  made  p  =  1!  X  20  =  40,  inste 
20,  then  the  value  to  which  R  would  have  required  lo  have  been 
adjusted  would  have  been  2  x  50O  =  1000,  inBfead  of  50ti. 
Further,  if  R  had  had  this  value,  then  an  error  of  20  nnite  in  R 
would  have  produced  the  same  error  in  G  aa  would  the  10  unite 
in  the  first  case,  when  R  wns  500.  At  first  sight  then  it  might 
ft]»pear  tliat  it  would  not  matter  what  value  we  gave  to  p.  Let 
us,  however,  consider  in  what  way  the  adjustment  of  R  is  effected. 
The  means  by  which  we  adjust  It  is  by  observing  the  deflec- 
tion of  the  galvanometer  needle,  and  seeing  whether  we  have 
bronght  it  to  the  deflection  it  had  when  p  and  8  were  the  reaist- 
anoes  in  the  circuit ;  when  this  deflection  is  ooiTCot  we  know  tliat 
R  IB  correct.  But  the  accuracy  with  which  wo  can  adjust  R 
evidently  depends  upon  the  divergence  of  the  needle  from  its 
correct  position  being  as  large  as  possible  when  R  is  not  exactly 
adjusted,  and  if  this  divergence  is  greater  when  we  alter  H  from 
1000  to  1020  ohms  than  when  we  alter  it  from  600  to  510  ohms, 
then  it  is  better  so  to  arrange  the  value  of  e  that  H  shall  be  1000 

Or  in  other  words,  if  the  error  in  R,  oorresponding  to  a  constant 
error  in  G,  produces  a  greater  divergence  of  the  needle  from  ita 
correct  position  when  B  is  large  than  when  it  ia  small,  then  it  is 
better  to  have  B  largo  than  small. 

Now  the  current  0  producing  the  deflection  of  the  galvano- 
meter needle  1b 


and  if  we  suppose  there  to  l>e  a  diminution  —  f,  in  C,  caused  by  an 
error  ^,  in  R,  then  we  have 


■];  +  *  +  «' 

E  _ 
'  R  +  ^"+  G  • 
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but  we  know  that 


therefore 

E  E  E0 


c  = 


K  +  G      R  +  <^4-G"  (R+<^  +  G)(R  +  G)' 

or,  since  ^  is  very  small, 

E<^ 
^      (R  +  G)^' 
c,  however,  represents  the  absolute  change  from  the  correct  current, 
and  as  the  latter  is  itself  varied  by  the  value  of  R,  what  we  require 
to  know  is  the  relative  change ;  this  will  be 

c 

which  equals 

E  <^        ^       E  <^ 


(R  +  G)"  ~  R  +  G  ~  R  +  G '  fA] 

But  from  page  101  we  see  that  the  constant  error  X,  caused  in  Q  by 
an  error  ^  in  R,  is 

0(G  +  S) 

^-  R        ' 

or 

XR 


<!>  = 


G  +  S' 


[B] 


substituting,  then,  this  value  of  <^,  we  get 

i  =  (G  +  SyCR  +  G)  =-^s)(i  ^) 

From  this  equation  we  see  that  m  order  to  make  c  as  large  as 
possible,  we  must  make  R  as  large  as  possible ;  but  it  is  evident 
that  we  increase  c  very  little  by  making  R  much  larger  than  G, 
for  the  reason  we  gave  when  we  determined  the  ratio  which  S 
should  have  to  G. 

We  do  not  gain,  then,  anything  as  regards  the  sensitiveness  of 
the  arrangement  by  making  R  very  large,  but  we  gain  as  regards 
our  power  of  adjusting  R,  for  we  can  adjust  a  resistance  with  a 
much  closer  degree  of  accuracy  when  it  consists  of  a  large  number 
than  when  it  consists  of  a  small  numlxjr  of  units. 

It"  is  therefore  advantageous  to  make  R  as  large  as  possible. 
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8mce  ^hon  S,  G,  and  p  aro  given  vulnee,  R  must  have  a  valiw 
depondent  upon  them  ;  and  since  we  have  detennined  tbe  value  we 
tnnet  give  to  S,  it.  follows  that  the  value  we  should  give  to  p  miui 
bo  such  that  E  will  bo  sa  largo  as  possible. 

Ab  wc  cannot  inako  R  larger  than  the  resistanco  we  can  inaert 
in  the  reeistanoe  box,  wo  muet  not  make  p  bo  large  tliat  R  will 
have  to  exceed  that  value. 

From  the  equation 


^^S9 


Theoretically,  therefore,  wo  must  not  make  p  larger  than  the  value 

■     .        S     n 
wo  can  give  to  ^^      ,,  «■ 

Tho  highest  resistance  we  can  practically  give  to  E  ia 
10,000  ohms;  p,  therefore,  must  not  be  larger  than  „  „  x 
10,000  ohms.  Thus,  if  we  use  a  shunt  whose  resistance  is  jth 
the  resistance  of  tho  galvanometer,  we  must  not  make  p  larger 
than  Vjth  of  10,000,  that  is  1000,  ohms. 

Equation  [A]  shows  that  the  value  of  c  is  dependent  upon 
the  value  of  S,  and  that  to  make  e  large  we  sliould  make  S  small. 
We  previously  proved,  however,  that  there  was  another  reason  why 
S  ahould  bo  small,  consequently  we  have  a  double  reason  why 
8  should  have  a  low  value. 

100.  What  d^te  o/  accuraey  xs  attainable  in  maklDg  tbe  tett  ?  Tbl*,  m  in 
the  last  test,  is  dopcndent  opon  tho  Talne  of  tbe  deflection  orht.  Wo  have,  in 
fact,  to  ootinder  «hal  cnor  in  the  valne  of  O  a  definite  erroi  iu  reading  the 
deflection  of  tbe  galvnnoniBlcr  needle  will  caiiae. 

TbU  nc  con  dctoTmino  &om  equation  [B]  (page  103).  Let  ni,  then,  in  tUi 
^uation  sahetitntepercenfaget  for  nbaolnte  values,  tbat  is  to  »aj,  lot  lu  bave 

e  a  jQ^  of  C,      or.     g-  =  105 


K  =  ^.tG. 

00 

-  100(G+  8)iB 

Toy 

^■ 

'{'*%)('* 

y 
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fVreaMinpb. 

In  meainrmg  Ihe  rqmatanoe  of  the'  galTanometer  in  the  example  g;iTen  on 
page  99,  it  waa  known  that  the  possible  error  7'  in  the  cnrrent.  dne  to  the 
deflection  being  incorrect,  wonld  not  exceed  '88  per  cent.  (Example,  page  44). 
What  woold  be  the  percentage  of  accuracy  (x')  with  which  the  yalae  of  G  conid 
be  determined  ? 

^'  =  0  +  iS)  (^  +  S)  '^  =  '^  !«'  «^°'- 

101.  The  practical  results,  then,  that  we  have  arrived  at  these 
investigations  are,  that  to  obtain  the 

Best  Conditiona  for  making  the  Test : 

First  make  a  rough  test  to  ascertain  approximately  the  value 
of  O.  Having  done  this,  insert  a  shunt  (S)  between  the  terminals 
of  O,  of  a  fractional  value  of  the  resistance  of  O. 

Next  join  up  p  in  circuit  with  6  and  its  shunt  S,  making  p  as 

g 

large  as  possible,  but  not  larger  than  ^  ,   q  B ;    B  being  the 

highest  resistance  that  can  be  obtained. 

Insert  in  the  circuit  sufficient  battery  power  of  low  resistance 
to  bring  the  deflection  of  the  galvanometer  needle  as  nearly 
as  possible  to  the  angle  of  maximum  sensitivenesB  (page  25),  ad- 
justing p,  if  necessary,  so  that  this  angular  deflection  becomes 
exact,  and  note  the  exact  value  of  p. 

Now  remove  the  shunt  and  increase  p  to  B,  so  that  the 
increased  deflection  becomes  the  same  as  it  was  at  first.  Note  R, 
and  then  calculate  G  from  the  formula. 

Possible  Degree  of  Accuracy  attainable. 

If  we  can  determine  the  value  of  the  galvanometer  deflection 
to  an  accuracy  of  •/  per  cent.,  then  we  can  determine  the  value  of 
G  to  an  accuracy  (X')  of 

V=  (1 +1^(1  + I)  y  per  cent. 
If  8  is  very  small,  and  B  very  large,  then 

80  that  under  the  best  conditions  for  making  the  test,  the  accuracy 
with  which  the  value  of  G  could  be  determined  would  be  the 
same  as  the  accuracy  with  which  the  value  of  the  deflection  could 
be  observed. 
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I  as  them    I 


102.  In  the  practical  execution  of  the  tost,  tnabmnoli  as  t 
are  only  three  reaiataiicee  between  D  and  B  (Fig,  58).  our  choiw 
of  a  Bbunt  ia  limited  from  tliia  source,  hut  these  three  will  usually 
he  BulScient  for  most  purpoeos. 

103,  The  metliod  wc  hiive  described  of  making  the  teat  may 
be  modifitd  by  mating  y  or  p  the  adjustible  reaistanceB  instead 
of  B,  hut  in  either  of  tliesc  cosea  it  can  be  shown,  by  an  investi- 
gation precisely  similar  to  the  one  we  have  made,  that  the  proper 
values  of  the  resiatonces  should  he  those  wo  have  indicattJ, 

The  teat  could  also  be  aimplified  hy  making  8  =  p,  in  this  O 
we  get 

n  _  o  K  -  S 


'-  =  R  -  a  ; 

BUoli  an  arrangement,  however,  would  not  give  tho  conditions  S 
obtaining  maximum  accuracy. 


Fahie's  Method. 

104.  If  in  the  last  test  we  make  S  tho  adjustable  resiata 

and  make  it  =  2  p,  we  get 

G  =  S^"''=  S  ^  ^  "  P-  =  9. 


ionsfbr    ^ 

I 

liat^^J 


that  is,  the  reaiatance  of  the  shunt  will  be  tho  reaiatanoe  of  tho 
galvanometer. 

105.  The  conneotiona  for  making  the  teat  with  tho  set  of  reust- 
uncea  shown  by  Fig.  58  wouJd  have  to  be  bo  arranged  that  the 
reaistancea  between  D  and  E  form  the  shunt,  and  those  between 
D  and  C  the  resistances  p  and  It.  This  arrangement,  however, 
in  consequence  of  there  being  bo  few  plugs  between  D  and  0,  is 
not  a  aatisfactory  one,  as  eome  difficulty  would  probably  be  found 
in  adjusting  the  battery  power  and  rcaistance  R  so  ss  to  obtain  the 
deflection  of  maximum  BenaitivcncBs.  With  two  bcIb  of  reeiatanco 
coils,  however,  the  teat  can  easily  be  made. 

Ab  in  the  previous  method,  it  ia  best  to  make  the  resistance  B 
as  high  as  possible,  for  then  any  small  change  in  tho  value  of  S 
produces  the  greatest  movement  of  the  galvanometer  noedlo. 

ThepOMifcfe  degree  ofaccitracy  atlaincMe  is  the  same  ae  in  tho 
last  t«st. 

106.  In  order  that  saliafactory  results  may  be  obtained  in  the 
foregoing  test*,  it  ia  necessary  that  the  galvanoractot  be  a  tcnntite 
one  (p^e  80),  otherwise  even    a    moderate  degree    of  acouroi^y 


1   acouniqjf     I 
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cannot  be  asfinred.    It  is  also  very  advantageous  to  arrange  the 

resistances  in  connection  with  a  special  form  of  key,  K,  as  shown 

hy  Fig.  59 ;  this  key  on  being  depressed  comes  in  contact  with  a 

spring  ly  and  then  on  being  further 

depressed  brings  I  into  contact  with 

a  contact  stop  connected   between 

the   junction   of  the  resistances  p 

and  a.      Thus  the   action   of  the 

key  is  to  insert  the  shunt  S,  and 

at  the  same  time  to  reduce  K  to  p 

by  short  circuiting  a  ;  in  practically 

making  the  test,  therefore,  what  we 

have  to  do  is  to  adjust  S  until  the 

deflection  remains  the  same  whether  the  key  is  quite  up  or  quite 

down. 

Thomson's  Method. 

107.  Join  up  the  galvanometer  g  with  resistances  a,  &,  and  (2, 
and  a  battery  of  electromotive  force  E  and  resistance  r,  as  shown 
by  Fig.  60,  and  let  a  key  be  inserted  between  the  points  E 
and  B,  so  that  by  its  depression  these  points  can  be  connected 
together. 


First,  let  us  suppose  the  key  to  be  up  and  the  points  con- 
sequently disconnected.  The  cuiTent  Cj  flowing  through  the 
galvanometer  will  then  be 


Cx  = 


E 


r  + 


(a  +  6)  (d  +g) 


a  +  h 

X  — ,  7.-^- 


a +h+d+g 
EXa  +  h) 
r(a-\-h  +  d^g)  +Xa^+h)(d  +  g)' 


[1] 


Next,  suppose  the  key  to  be  depressed  and  tlie  points  E  a 
thereby  to  be  connected  together,  then  the  current  (Cj')  Sowiii 
through  tho  galvanometer  will )» 
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IT     Next,  suppose  the  key  to  be  depressed  and  the  points  E  ao^^^H 

wing 

[2] 


E  g  (i  +  J) 

r(«  +  g)(b  +  d)+„g^b  +  d)  +  bd(a.te) 
Further,  let  ub  Buppose  the  adjustment  of  the  resiatancoe  to  he 
[  that 

C,  =  C„ 


E(ii  +  i) 


[»] 


I 


r(o  +  j)(l  +  d)  +  us{6  +  <;)  +  6d(o  +  j)' 
by  multiplying  up  and  arranging  the  quantities  we  get 
rlia+b  +  g)(b  +  ir)a  +  bs(b  +  d):  +  b3(«.l-b)il  +  lJ(b  +  s) 
+  bs}(a  +  b)a  =  rl(a  +  b  +  g)(b  +  d)a  +  atHb+d)]+ad 
(o+!.)d  +  [<l(6  +  s)  +  i}]Co  +  l.)oi 


bg[rib+d)  +  (a  +  b)d\  =  «d[rlb  +  d)  +  (a  +  h)d} 
that  is, 


n 


A  great  adviintage  of  this  teat  is  the  iact  of  its  being  entirely 
independent  of  tho  battery  rosistance.  It  ia  also  verj-  easily  made, 
as  must  be  evident. 

*  Tho  truth  of  this  proportion  follova  at  once  from  Uie  principle  of  the 
Wh«tat(meBridKe(ChBplerVni.).  ForifUjepoinUEandBonbeingoonnooted 
together  1>;  a  galTonoiiietor  show  iio  ilefloction  on  tlic  latter,  then  b;  the  bTidgo 
pTinoiple 

ad 

"- r 

But  U  no  delleotiou  ie  prodnpc<l  on  joining  E  and  B  b;  a  galTnnometer,  i.e.  if 
there  IB  no  tendency  fur  a  current  to  How  liotvoen  E  and  B,  then  the  joining  of  the«o 
points  cannot  affect  the  currentii  in  tlio  other  brancho,  a,  b,  d.  or  y.  that  is  to  say, 
oaa  produce  ooallcration  inlbe  mnvomont  of  tho  needle  of  9,  heacetheahacDCcof 
this  nioTcment,  on  depreuiug  tlie  key,  indicnloB  that  there  ii  no  lendencj  fur  a 
current  to  Qow  bctwueii  E  and  B,  i.e.  that  lliu  above  proportion  holds  good. 


MEASUBfiHEItr  OF  OALVANOM£TER  RSSI8TAN0B. 


109 


In  making  the  test  praotioally,  the  connectionB  would  be  made 
as  shown  by  Fig  61.  The  terminals  E  and  B^  would  be  joined 
by  a  short  piece  of  thick  wire.  The  other  connections  are 
obvious. 

Fio.  61. 


The  left-hand  key  (which  is  not  shown  in  the  theoretical  figure) 
being  first  depressed  and  then  kept  permanently  down,  the  right- 
hand  key  must  be  alternately  depressed  and  raised,  the  resistance  (2, 
that  is,  the  resistance  between  A  and  E,  being  at  the  same  time 
adjusted  until  the  deflection  of  the  galvanometer  needle  remains 
the  same  whether  the  key  is  up  or  down. 

108.  We  will  DOW  determiBO  the  best  arzangementa  of  resistances  for  making 
the  teat.    What  we  have  to  do  Lb  to  suppose  that  in  the  equation 

ad 

there  ia  a  small  bot  constant  error  in  gy  caused  by  a  corresponding  error  in  one  of 
the  other  quantities,  let  us  say  d,  and  then  find  what  values  of  d  and  say,  a,  will 
cause  the  alteration  of  the  deflection  of  the  galyanometer  needle  produced  on 
raising  and  depressing  the  key,  to  be  as  large  as  possible. 

Let  X  be  the  difference  between  the  exact  value  of  g  and  the  value  given  it  by 
the  fonnula  when  we  have  d  too  large,  and  let  the  increased  value  of  ci  be  d^. 

We  then  have 


therefore 


a  d, 
a  d|  =  6  9  +  6  X. 


We  next  have  to  detflnnine  what  the  alteration  in  the  strength  of  current 
passing  through  the  galvanometer,  produced  by  raising  and  depressing  the  key,  is 
equal  to. 

If  in  either  equation  [1]  or  equation  [2]  (pp.  107-8)  we  put  h  g  equal  to  a  d,  or 

b  equal  to  -  't  then  the  resulting  equation  will  give  the  ounent,  C,  which  would 


110  HANDBOOK   OF   ELECTEICAL   TESTING. 

Uow  tkroujjh  tliQ  gatvanomuUsf  when  the  Kdjiutnioiit  is  oioot;  b^  doing  t 

gL-t 

r J" 

When  the  aiJJustmcnt  U  not  oioot,  the  cuiTeota  prodacnl  od  raising  u>d  4«-  I 
prosaing  the  key  will  lie  obtninod  by  oquutions  [1]  and  [2]  (pp.  107-8)  and  tlM  I 
differntice  between  these  two  currenta  lolativo  to  the  carrent  produeed  when  ciaet  J 
oqujlibrium  is  obtained  wCI  give  the  relaUve  carrent  prodnciug  the  altci 
the  doflection  of  tbo  gnlraaometer  nefdle :  hence  wc  find 


1+rtf "(di+fc) .1 

I  r  C^+  6)  (0  +  o)  +  d,  b(g  +  a)  +  ga  ((t,  +^m 

b  +  n 1 

T(.di  +  g  +  b  +  a)+{,d,+g)b  +  a)i  = 
{ad,-bg){  r  i,i,  +  &)  +  d.  (6  +  »)  }   {  r  (a  +  p)  +  a(d  +g)  ] 


i 


8  f  'id.+S+Hay+id.^g)  t6+o)  |   lr{d,  +  b){g+a)+d,big+a)+gaid,-^-b)i  '■ 

bnt  liooe  K  EJ,  is  rer;  uoaily  equal  U>   b-j,  we  may   vitlioat  wnuble  orror  put 

iirfi=o<I  =  r'g,  ori!!  — -.  oicept  where  differences  are  oonoerncd ;  in  which 

case  we  get 

0,  -C,  y<.>id,~bg) 

c     -0(0  + j)((i  +  a)' 

0      d 
aud  riuce  o  d,  =  6  s  +  6  \,  and  t-=-7,  we  get 

C-Ci X<i_       .  A 

O      -  (a  +  B)  (d  +  s)  - 


(•  +  «(' +  1) 


From  thieit  ia  evident  tb&t,  in  order  to  nuke  ~^-q — ^MlarfreBapoaiblc.we 
mnBtmaksdaa  large,  aadaiissmall.aapoaaiblo.  It  isevident  also  that,  urcgard* 
inereasing    '-—-—li  it  is  lueleM  making  d  r<!(y  mnoh  larger,  or  a  very  mneh 

HUiLllor,  than  g.  IT  wc  make  d  iibout  ten  times  ns  large,  and  a  ten  timet  as  small, 
as  i;.  wu  shall  have  goo<l  onndltiuas  for  ensuriog  acoaracy,  though  as  rcgwds  onr 
powor  of  mijuBtment,  it  viouM  be  ndvauUgeoua  to  make  d  larger  still,  if 
poaaible. 

From  the  equation 

bg  =  a'l 

we  seelhati;  being  a  fixed  quantity,  aud  a  as  small  aa  |>ua8iblo,  we  can  mnkeJus 
large  ea  we  like  by  making  b  m  huge  aa  poaaiblo. 

109.  It  may  be  pointed  out,  that  wlieu  a  U  amall  and  d  and  b  large,  we  hare 
tbe  battery  connecting  the  junction  of  tlie  two  greater  with  the  janction  of  the 


110,  What  dej^M  u/aocura«y  ia  BttuInDble  in  making  the  leal?    Thtsweoan 


^ >/J 
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determine  from  equation  [A].    Lei  ns  then,  in  the  latter,  substitute  percentages 
for  abechUe  yalues,  that  ii,  let 

n      y'    e  r*       ^8  —  ^1     y' 

^«  "  ^»  =  100  ^^^'  ^^'        C~  =  100' 


and  let 


^  =  100^^^^* 


then  we  get 


[00 


that  is, 


100(a+flf)(l  +  |) 


For  example. 

In  measuring  the  resistance  of  a  galvanometer  by  the  foregoing  method,  the 
values  of  a,  6,  and  d  were  10, 100,  and  300  ohms  respectively.  What  was  the 
resistance  of  the  galvanometer,  and  what  was  the  possible  degree  of  accuracy 
attainable?  The  smallest  change  in  the  value  of  the  galvanometer  deflection 
which  it  was  possible  to  observe,*  was  '88  per  cent,  (§  43,  page  44). 

10  x300      „,   ^ 
g  =   — 200 —  =  30  ohms. 

To  sum  up,  we  have 


Best  Conditions  for  making  theTest, 

111.  Make  a  not  greater  than  ^th  of  g,  and  make  h  not  less 
than  ten  times  as  great  as  g,  and  preferably  as  much  higher  than 
g  as  possible,  but  not  of  such  a  high  value  that  d,  when  exactly 
adjusted,  has  to  exceed  all  the  resistance  we  can  insert  between  D 
and  E  (Fig.  61,  page  109). 

Adjust  d  approximately,  and  then  if  necessary  adjust  the 
battery  power,  so  that  the  final  deflection  is  as  nearly  as  possible 
that  of  maximum  sensitiveness,  and  then,  having  exactly  adjusted 
d,  oaloulate  g  from  the  formula. 

*  This  Li  synonymous  with  *'the  degree  of  accuracy  with  which  the  value 
of  the  galvanometer  deflection  can  be  read  "  (page  44). 
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PoMihle  Degree  of  Accuracy  altainabU. 

If  wc  can  lead  tho  galvanometer  deflection  to  an  accuracy  of 
y  per  cent,  then  we  can  determine  tlio  value  of  j?  to  an  { 

mo! 


If  a  is  email  and  d  large,  then  we  get 


1  acciiMej^^ 
B  aooniaci'  ■- ' 


BO  that  under  tho  beat  conditions  for  making  tho  tost,  the  aoourwj'-- 
"with  which  the  valne  of  G  could  be  determined  would  bo  the  same 
accuracy  with  which  the  value  of  a  change  in  tho  deflection  could 
be  observed. 

112.  In  tho  practical  exeoution  of  the  tost  with  the  sot  of 
Tesiatanoe  coils  shown  by  Fig.  61  (page  109),  the  lowest  value  wo 
could  give  to  a  would  be  10  units,  unless  wo  improvised  a  roeist' 
auco  of  loss  value,  which  it  might  be  necessary  to  do.  ^^M 


Thomson's  Metuod  i 


L  MLiDE  Wire  Besista^nce. 


I 


113.  The  foregoing  test  is  somotimeG  made  by  having  a  -i-  6,  a 
slide  wire  resistance  (S  20,  page  16)  d  being  a  fixod  rosistanco  ; 
in  this  case  tlie  slide  would  ba  moved  along  between  A  and  C, 
until  the  point  is  found  at  which  the  depression  and  raising  of  the 
key  makes  no  alteration  in  the  permanent  deflection  of  the  gal- 
▼anometer  needle,  ^^ 

As  in  the  equation  ^^H 


J  ia  merely  the  ratio  of  tho  resiatanoos  into  which  tho  total  reeist- 

ance  o  -|-  6  is  divided,  and  as  tho  resistances  are  directly  propor- 
tional to  the  lengths  of  the  wire  on  either  side  of  the  slide,  it  is 
HufBcient  for  a  and  b  to  Im)  expressed  in  terms  of  tho  divisions  into 
which  the  length  of  wire  is  divided. 

Now  as  the  total  length,  k,  of  tho  alide  vrire  is  constant,  tl^t  i^ 


therefore  we  must  have 


=  k. 


%-^.} 


i  constant,  ttot^^^ 
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h  is  nsnally  divided  into  1000  divisions,  hence 

^  =  '*  (-1005— a) 
For  example. 

In  the  foregoing  test,  equilibrinm  was  produced  when  d  was  1 
ohm,  and  a,  450  divisions ;  what  was  the  re&istanoe  of  the  galvano- 
meter ? 

,  / 450      \       450  .^    , 

^=Hi0003'450)=-550-=    •^^"^- 

114.  The  bed  cimdiiion$  for  making  the  ted  in  the  case  where  a  slide  wire  is 

iised,  are  generally  similar  to  those  in  thepreyious  case,  that  is  to  say,  we  should 

require  to  have  a  small  and  c2  large. 

Now,  the  total  resistance  of  a  +  &  in  the  case  of  a  slide  wire  would,  under 

most  conditiotts  met  with  in  actual  practice,  be  small  compared  with  g ;  conse- 

qaently  a  would  be  small  also.     For  this  reason,  therefore,  it  would  not  signify 

what  were  the  relative  Talaes  of  a  and  h  in  making  the  test    But  in  order  to 

make  d  large,  it  is  obyions  that  a  must  be  small  compared  with  6 ;  thus,  if  <2  is 

to  be  10  times  g,  then  a  mast  he  10  times  6.    In  the  first  case,  when  the  test  was 

made  by  adjusting  d,  it  was  pointed  out  that  although  there  is  an  adrantage  iu 

making  d  as  lar^  as  possible,  in  so  far  that  by  so  doing  the  range  of  adjustment 

is  made  large,  yet  as  regards  the  general  sensitiveness  of  the  whole  arrangement, 

there  is  little,  if  any,  advantage  in  making  d  greater  than  about  10  times  g.    In 

the  case  of  the  slide  wire,  wliere  d  is  not  the  adjustable  resistance,  there  is  an 

actual  disadvantage  in  making  d  excesitively  large,  for  the  reason  that,  if  we  do 

90,  we  make  a  correspondingly  smaller  than  b  and,  when  this  is  the  case,  the  error 

ad  \ 
in  g  (when  worked  out  by  the  formula  g  =  -^  \  produced  by  the  value  of  a 

being,  say,  1  scale  division  out,  becomes  comparatively  large.  Thus,  if  the  slide 
wire  scale  were  graduated  into  1000  divisions  which  is  usually  the  case),  it  is 
clear  that  if  the  slider  stood  at,  say,  the  "  10  "  division  mark  on  the  scale,  then 
an  alteration  or  a  mistake  of  1  division  would  mean  a  change  of  10  per  cent,  in 
the  valae  of  a,  whilst  if  the  slider  stood  at  **  100,'*  then  a  change  of  1  division 
would  only  mean  a  1  per  cent,  change  in  the  value  of  a.  The  change  in  a 
corresponding  to  a  movement  of  1  division,  would  obviously  be  less  if  the  slider 
weie  near  the  centre  of  the  scale,  that  is,  near  the  '*  500  "  division  mark,  but  in 
this  case  the  increase  in  the  range  of  adjustment  would  be  more  than  compensated 
for  by  the  reduced  sensitiveness  of  the  arrangement. 

The  possible  degree  0/  accuracy  attainable  in  making  the  test  would  be  ^ 
follows : — 

Let  there  be  an  error  K  in  g,  caused  by  the  slider  boing  8  divisions  out  of  correct 
adjustment,  then  we  have 

g  +  X  _  d  ^  1000  -  (a  +  8)  j 

^'    "  \  1000  -  (a  +  8)/   ^    L  1000  -  (a  4-  8j   lOOO  -  a] 

(2  1000  8 


"  (1000  -  0/ 
since  8  is  very  small. 
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ir  we  put  perfentogoi  instead  of  absolute  vuluea,  l.hat  is  W  ^j.  if  w 

''~  ioo''^^~nio  **  ''llOUO-o/' 


100000 > 

If  the  galvanometur  ia  guffloientt;  BensitiTe  to  cnalilo  tiicpogitioQof  tliealidi^r 
tu  be  determined  to  au  accuracy  of  1  divisian,  then  1=1. 

For  txample. 

Id  the  last  example,  nbat  noiild  be  the  <legree  of  accunM;,  X'.  with  which  the 
value  of  g  could  be  ablained,  BuiipoaiDg  tbat  Ibe  poailion  of  the  tlid«r  coold  (m 
detennined  to, an  accuiaoy  of  I  difUioa  (S}  J 


'40  per  uent. 


I 


115.  The  facility  and  accuracy  wilh  which  all  the  foregoing 
teflta  (except  the  half  deflection  test)  can  be  made,  may  be  greatly 
increaaed  by  the  following  device:  — InBt«ad  of  making  the  teet 
with  the  galvaDometer  oeedle  brought  to  the  "  angle  of  maximum 
McnBitiveneas "  (page  26),  make  it  with  the  needle  brought  ap- 
proximately to  zero  by  means  of  a  powcrral  permanent  magnet 
set  near  the  instrument.  Under  these  conditions  the  galvano- 
meter needle  will  be  highly  senaitiTe  to  any  small  change  in  the 
current  strength. 

110.  In  the  caae  of  Thomson's  test  with  the  slide  wire,  if  the 
test  is  made  by  using  a  permanent  magnet  in  the  manner  described, 
it  is  best  to  make  d  of  a  higher  value  than  would  otherwise  he  the 
case ;  for  then,  since  the  slider  would  have  to  be  set  ne&r  the 
centre  of  the  wire,  a  greater  range  of  adjuatment  is  given  to  it,  for 
fi  divisions  near  tht->  centre  portion  of  the  wire  (500  division  mark) 
is  equivalent  to  only  1  division  near  the  100  division  mark.  It  is 
iSruB  that  the  arrangement  is  not  quite  so  sensitive  as  when  the 
slider  has  to  be  set  towards  the  end  of  the  scale  ;  but  still  if  «ti/- 
ficienl  ECiisitivcueeB  be  obtained,  the  email  loss  is  more  than  com- 
pensated for  by  the  advantage  gained  in  having  au  increased  range 
on  the  scale. 

IIT.  In  order  that  satisfactory  results  may  be  obtained  in  the 
foregoing  tests,  it  is  ueceesary  that  the  galvanometer  be  "  sensi- 
tive "  (page  SO),  otherwise  even  a  moderate  degree  of  iiovuracy 
cannot  be  assured. 
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Diminished  Deflection  Direct  Method. 

118.  This  method,  which  has  been  generally  described  in 
Chapter  I.  (§  5,  page  3),  is  as  follows : — The  galvanometer  G«  a 
batteiy  of  low  resistance,  and  a  resistance  p,  are  joined  up  in 
simple  circuit ;  the  deflection  obtained  is  noted.  Let  this  deflection 
be  due  to  a  ciirrent  C|,  then  calling  E  the  electromotiye  force  of 
the  battery,  we  have 

E 
Ci  =  Q-qT^,      or,     GCi  +  pCi  =  E. 

The  resistance  p  is  now  increased  to  B,  so  that  a  new  deflection 
due  to  a  current  C^,  is  produced ;  then  we  have 

^*"G~+R'     or,     GC2  +  BC2  =  B; 


hence 

or 

therefore 


GCi  +  pCi  =  GO2  +  BC2, 

G(C, -C2)  =  BC,  -  pCi, 

BC2 -pCi  - 

In  the  case  of  a  tangent  galvanometer,  if  the  deflections,  D  and 
d,  are  read  from  the  tangent  scale,  then  those  deflections  can  he 
directly  substituted  for  the  quantities  C^,  Cj,  for 

D  :  (i  : :  Ci :  C2  ; 
in  this  case,  then  we  have 

(1.)  For  exan^le. 

With  a  tangent  galvanometer  whose  lesistance  G  was  required, 
and  a  batteiy  of  very  small  resistance,  we  obtained  with  a  resist- 
ance of  10  ohms  (p)  in  the  circuit,  a  deflection  of  60  divisions  (D) 
on  the  tangent  scale  of  the  instrument ;  when  the  resistance  was 
increased  to  230  ohms  (B)  the  deflection  was  reduced  to  20  divi- 
sions (d) ;  what  was  the  resistance  of  the  galvanometer  ? 

G  =  230  X  20  -  10  X  60  ^  ^^  ^^^^ 
60  -  20 

If  the  readings  are  made  from  the  degreet  scale,  then  wo  must 

I  2 
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lubstitnte  the  tangents  of  the  defleetiona  for  the  doflectiona  tliom- 
selvee  ;  the  foniiula  then  liecomes 


iiH  tliem-      I 


fj  ^  R  taad"  -  p tan D° 

taD  D°  -  tan  (T 


[C] 

(2.)  For  example. 

In  a  meaaiirement  similar  to  the  foregoing,  the  readings  were 
inailo  from  the  degrees  eoale  of  the  instramcnt,  and  deflectioua  of 
60°  (D")  and  211"  (d")  respectively  were  obtained  with  resigtances 
of  10  ohms  (/i)  and  229  ohms  (R)  in  the  circuit.  What  was 
resistanoe  of  the  galvanometer  ? 


0  50° 


1-1918, 


tan  21i^''. 


■  3990, 


.  229  X  -3990-  10  x  1-1918  ^ 


s  ttj 


119.  If  in  equations  [B]  (page  115)  and  [C]we  have  p  =  0.  that 
is  to  say,  if  we  make  the  test  by  having  at  first  no  resistance  in 
the  circuit  except  that  of  ihe  galvanometer  itself,  then  we  get 


tan  D"  —  tan  *?" 


120.  What  ore  llie  "  Beat  ooDditions  for  making  Uie  [cat  ? "  and,  nhnt  ■•  tbe 
"  Poraible  degree  oFnc  en  racf  attBinsUe?"  There  are  two  points  to  be  Moaidi^Nd 
in  the  flrat  qaectiou  ;  one  is— -whnt  vulue  ahoiild  p  liave?  and  Uie  other— wLil 
aboDliI  be  the  lehitiTO  mluea  of  C,  and  C,  ? 

Now  we  are  liable  to  make  an  error  in  reading  Ihe  value  of  C,,  or  an  em*  in 
ruadiog  the  value  of  0,,  or  again  we  may  make  errors  both  ia  C,  and  C^  bat      I 
inumoch  aa  the  reaall  of  tvo  errors  would,  of  CDnrae,  be  greater  than  one  only,      I 
it  U  advisable  to  mnke  the  test  under  ooaditioas  which  ensure  the  reanlt  of  the 
double  error  beiog  bb  small  m  possible.    Let  us,  therefore,  in  equation  [A]  (page 

tllS)  inppnte  tbat  there  is  a  small  error,  <<,,  in  C„  and  a  small  error,  o„  in  C„  tbe 
error  r,  being  pins  and  c,  minus,  so  that  the  resulting  total  error  in  G  i«  m  gnat 
ig  posaible :  also  let  A  be  tliis  total  erriT,  Ibut  ia,  hi  us  have 
but 


^  R  (C,  +  c,)-p  (C.  -  c.) 


R  (C,  +  c,  -  p  (C,  -  a,) 


C, -0, 


-CJG  +  pC, 
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If  we  insert  this  yalne  of  B  in  the  above  equation,  and  multiply  up,  cancel, 
etc.,  then  we  get 

or,  since  c,  and  c,  are  Tery  smal],  we  may  say 

From  this  equation  we  can  see  that  if  G,  and  0,  hare  fixed  valnes,  then  x  varies 
directly  as  G  +  p^  conseqaently  in  order  to  make  X  as  small  as  possible,  we  must 
make  p  as  small  as  possible:  but  wo  can  also  see  that  there  is  no  great  advan- 
tage in  making  p  very  mnoh  smaller  than  G.  • 
We  have  next  to  consider  what  the  relative  values  of  C,  and  G,  should  be,  p 
being  taken  as  constant.  In  order  to  do  this,  we  must  assume  Gj  to  be  constant, 
and  then  determine  what  value  0,  should  have.  We  have  then  in  equation  [F] 
to  find  what  value  of  0,  makes  x  as  small  as  possible ;  to  do  this  we  require  to 
make 

0,(0, -C) 

as  small  as  possible  by  variation  of  0,. 
Now 

C,c.  +  G,e,  _  r,  rO,  -  0,      G,(k-H)  .       .  „1 
0.(0,-0,) -C;L~07~+    0,-0,    +''  +  2J 

c  c 

where  ic  =  — ;  and  since  7^  is  constant,  what  we  have  to  do  is  to  make 
c,  0, 


[H^^^^--^] 


as  small  as  possible. 
Now 


\^*^^*--^h^['-%^y 


+  2  >/T-rH- ic  +  2, 


and  in  order  to  make  the  latter  as  small  as  possible  we  must  make  1 %  _  q 

as  ffw*«^ll  as  possible,  that  is  to  say,  we  must  make  it  equal  to  0,  therefore 


1-%^J^=0,     or,     C,-0,  =  C,V"Mn-, 

from  which  we  get 

0,(VT+1  +  1)  =  0„     or,     0,  =  ^^7=^-^.  [G] 

The  greatest  possible  value  which  x  could  have  would  be  that  which  would 
result  when  both  the  errors  0,  and  c,  existed,  these  two  errors  being  of  equal 
value,  or  rather  c,  being  as  large  as  e,.  If  the  defiections  are  read  in  diviiions^ 
then  e,  and  e,  would  be  equal ;  but  if  the  deflections  are  read  in  degrees,  then  0, 
will  be  larger  than  c,  in  proportion  as  0^  is  smaller  than  C,.    In  the  case  where 


118  HANDBOOK  OF   ELECTRICAL  TESTING. 

the  greateet  possible  error  can  exist,  that  is,  when  c,  =  Cj,  oric  =  1,  then  iro 
have 

• "  aA2  + 1    a-«^* 

Practically  we  may  make 

for  although  this  does  not  give  the  exact  minimum  value  to  x,  yet  the  difforencc 
between  it  and  the  actual  minimum  is  very  small,  thus  if 

^  -  2-4142* 

then  from  equation  [F]  we  get 

0  4--^ 

V*!  T  0.4140  g, 

^  =  "1     c.  0,    y,(.0  +  p)  =  ^5miQ  +  p)i 

2*4142  \^>  ~  2-4142/ 
but  if 


U,  -  3, 


then 

that  is  to  say,  the  errors  would  be  as 

6*000  to  5*828. 

a  diflerence  which  is  of  no  practical  importance. 

If  the  readings  were  made  from  the  degrees  scale  of  a  tangent  galvanometer, 
then  the  error  c,  would  be  larger  than  the  error  c^  in  which  case  it  would  be 

Q 

jictually  an  advantage  to  make  C^  equal  to  — *  in  preference  to  making  it  equal  to 

o 

Q 

n  .j.o  •  ^^'^  ^^  ^1  ""^^i  ^^y*  ^  iiiu^  as  large  as  c,,  then  the  best  value  to  give 
to  Ca  would  be 

C    =  —,—  ^*  5* 

^     VsTi  +  li "  8  * 

The  rule  that  C^  should  approximately  equal  -^  may  therefore  be  taken  as  the 

o 

one'  which  would  enable  satisfactory  results  to  be  obtained  under  all  conditions 

If  the  deflections,  D,  d,  are  read  in  dtvmoiM,  then  we  must  have 


-? 


approiLunately.    But  if  the  deflectious  are  in  dujrctSy  aud  we  read  from  a  tangent 
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galTaiionieter,  then  we  must  hare 

,      ^      tanD® 
tana*'  =  — g— 

approximately. 

121.  We  hare  next  to  oonnder  what  is  the  ^  Possible  degree  of  accniaoy  at- 
tainable "  when  p  and  6  haye  any  partionlar  Talnes ;  this  we  can  ascertain  from 
equation  [¥]  (page  1 17).  Let  ns  then,  m  tbia  equation,  put  percentages  for  absolute 
Talnes,  that  is  to  say,  let  us  have 

then  we  get 

v,(Oifl,  +  o,e,)ioo  (..  p\  nri 

If  the  defleotimia  are  read  in  ditfUiom,  then  the  ezron  in  both  must  be  of  the 
same  absolute  valoee ;  let  each  of  these  values  be  -^th  of  a  difision,  then  we  must 

have 

For  example. 

In  example  (1)  (page  115)  what  would  be  the  degree  of  accuracy  with  which 
the  test  could  be  made?  The  deflections  could  be  read  to  an  accuracy  of  }  of  a 
diyision. 

;,>^KeO  +  20)100/^       10\      2-8percent. 
20(60-20)    V        100/  ^ 

If  the  deflections  are  read  in  degrees  from  a  tangent  galvanometer,  then  we  must 

have 

^,  ^  (taniy>,-ftancr80100A        A        ^^^ 
tan  <f>  (tan  D<>  -  tan  dP)  \    ^  G/ ^ 

where  Sj  and  8,  aze  of  the  respective  values 

«!  =  tan  D  ^°-  tan  D,    and,  8,  =  tan  d^  -  tan  (T, 

~  being  the  poesSble  error  in  the  deflections. 
For  example. 

In  example  (2)  (page  116)  what  would  be  the  degree  of  accuracy  with  which 
tlie  test  oonld  be  made  ?    The  deflections  could  be  read  to  an  accuracy  of  }^. 

«,  =  tan  50  J°  -  tan  50°  =    0106, 

and 

8,  =  tan  22<>  -  tan  2ip  =  -0050; 

therefore 

,  ^  (1_.1918  x_:0050_+  'jmox  -0106)^100  Yj  +  iO  \      3.Q        ^^^ 
'9990(1-1918^ '3990  \        lOO)  ^ 

To  turn  up,  then,  we  have 
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Best  Conditions  for  making  ike  Tat. 

122.  Make  p  as  small  as  possible. 

Make  B  of  such  a  value  that  when  the  deflections,  D,  c2,  are  in 
divisions,  then 

3 

approximately;    and  when  the    deflections  are    in  degrees  on  a 
tangent  galvanometer,  then 

.       ,o      tan  D° 
tan  d    =  — - — 

approximately. 

Pomble  Degree  of  Accuracy  attainable. 

If  the  deflections  are  in  divisions^  and  if  we  can  read  their  value 
to  an  accuracy  of  ~th  of  a  division,  then  we  can  determine  the 

value  of  G  to  an  accuracy,  V,  of 


V  =  -^ ,-,_;-- ^^-  (  1  +  :£  )  per  cent. 
d(D  ^  d)    \         qJ^ 


(D^d) 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer,  then  if 
we  can  read  their  value  to  an  accuracy  of  ;^th  of  a  degree,  we  can 
determine  the  value  of  G  to  an  accuracy,  X',  of 

,  ^  (tan  D- 8,  + tan  d- 80  100  /        p\ 

tan  (T  (tan  D°  -  tan  d°)   {^ -t  q)  V^r  cent. 

where 

8i  =  tan  D^°  -  tan  D°,  and,  8^  =  tan  ^°  -  tan  (T. 


Diminished  Deflection  Shunt  Method. 

123.  Referring  to  Fig.  62,  this  method  is  as  follows  : — 
The  galvanometer  G,  whose  resistance  is  to  be  determined,  is 
joined  up  with  a  resistance  R,  a  battery  E,  and  a  shunt  S^ ;  the 
deflection  obtained  is  noted ;  let  this  deflection  be  due  to  a  current 
Oi,  then  (page  98)  we  have 

C   =         _ES. 

'      G(S,  +  R)+S,  R' 
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or 


C.G(St  +  B)  +  C,StR_„ 

The  resistance  of  the  shunt  is  now  reduced  to  S^,  so  that  the 
galvanometer  deflection  is  also  reduced ;  let  this  new  deflection  be 
due  to  a  current  O3,  then  we  must  have 

Fio.  62. 


therefore 


that  is 


C,  G  (Si  +  B)  +  Ci  S,  R 
8. 


G  [C,  S,  (8,  +  B)  -  0,  S,  (Si  +  B)]  =  S,  S,  B  (C,  -  C,), 
from  which  we  get 

G=  S.  S,  B  (C,  ~  C\) 

C,  8,  (S,  +  B)  -  Ci  S,  (S,  +  B) ' 


or 


0  = 


0,-C, 


'^(^+k)-".a+-H) 


IM 


In  the  case  of  a  tangent  galvanometer,  if  the  deflections,  D  and  d, 
are  read  from  the  tangent  scale,  then  we  should  have 


G  = 


D-  d 


^(i+i)-<^B) 


m 
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(1.)  Fm-  example. 

With  a  tangent  g^vanomoter  whutte  retjiatauce,  G,  was  required 
and  a  battery  of  very  small  reBifitance,  we  obtained  with  a  ahunt 
of  200  ohmB  (Si),  a  deflection  of  60  divieionB  (D)  on  the  tangent 
Bcale  of  the  instrument ;  when  the  shunt  was  reduced  to  25  ohma 
(S,),  the  deflection  was  i-educed  to  20  divisiona  (d).  The  re^iatance, 
R,  was  400  ohms.  What  was  the  resistance  of  the  galvano- 
meter? 


«  =— /J- — 1^ ^^"1 r--.  =  100  ohms. 

\25^400/  \200^400/ 


If  the  deflections  are  road  in  deijrees,  then  in  equation  [B]  wc 
must  substitute  tan  D"  and  tan  d^  for  D  and  d  respectively ;  i 
then  get 

f,  t»n  V  —  tan  (T 


"■"'■(£+s)  +  '«°''"(8.+5) 


4 


(2.)  For  example. 


lu  a  measurement  similar  to  the  foregoing  the  readings  were 
made  from  the  degrees  scale  of  the  instrument,  and  deflections  of 
50"  (D°)  and  212°  i^')  respectively  were  obtained.     The  i 
"  J.  Sj,  and  E  were  200,  25,  and  380  ohms  respectively.     What  n 
Ihe  resistance,  0,  of  the  galvanometer  ? 


tan  50"  =  1- 11)18,      tan  213= 


H^  +  sTo)- 


'■''Mm  +  m) 


Motions  of     I 
values  of 
Vhat'ifM    jj 


124.  If  we  make  the  test  by  having  no  shunt  inserted  wbe^ 
the  first  deflection  is  observed,  that  is  to  say,  if  we  have  B] 

■,  —  =0,  then  equation  [B]  (page  121)  becomes 

D-d 


when  J 
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and  equation  [0] 

tan  D^  -  tan  (T 
G  = 


^      ^/l    .    1\      tanD°  [E] 

Farther  stiU,  if  we  make  B  a  very  high  resistance,  that  is^  if  in 
equations  [D]  and  [E]  we  make  ^  =  0»  ^^^  ^6  g®*  *^®  simplifi- 
cations 

G  =  S,g-l)  [F] 

and 

125.  In  order  to  detennine  the  **  Best  oonditiona  for  making  the  test/'  and  also 
the  **  Possible  degree  of  accuracy  attunable,*'  let  us  write  equation  [A]  (page  121) 
in  thefonov 

Now  this  equation  is  similar  in  form  to  equation  [B]  (page  115)  in  the  last  test 

(Diminished  deflection  direct  method),  the  only  difference  being  that  we  have  — 

G 

instead  of  G,  and  ( g-  +  g)  and  f  g-  +g  j  instead  of  B  and  p,  respectively  ;  and 

inasmoeh  as  an  \'  per  cent  error  in  rr  is  an  \'  per  cent,  error  in  G  (though  of  tho 

opposite  sign),  we  can  see  that  the  value  of  A'  must  be  expressed  by  an  equation 
of  the  same  form  as  equation  [H]  (page  119),  that  is  to  say,  we  must  have 

We  can  see,  therefore,  from  the  investigations  in  the  last  test  that  we  must 
have 

Beit  Candittons  for  making  the  Test, 

126.  Make  Si  and  B  as  large  as  possible  *  (§  122,  page  120). 

Make  S,  of  snch  a  value  that  when  the  deflections,  D  and  (2,  are 
in  divinaMf  then 

8 
*  The  InTettigations  in  the  case  of  the  last  test  prove  that  we  should  make 

( ^  +  -g  j  as  tmaU  as  possible ;  this,  of  course,  is  equivalent  to  makiu^  ^  ^  tvxid  "^ 
as  large  as  possi Me. 
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approximately;  and  when  the  deflections  are  in  degrees  on  a  tangent 
galvanometer,  then 

.       ,o      tan  D" 
tan  a    =  — - — 

approximately. 

Posnhle  Degree  of  Accuracy  atlainaUe, 

If  the  deflections  are  in  divinona^  and  if  we  can  read  their  value 
to  an  accuracy  of  -th  of  a  division,  then  we  can  defcrmine  the 
value  of  G  to  an  accuracy,  X',  of 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer,  then  if 
we  can  read  their  value  to  an  aocuraqr  of  ^th  of  a  degree,  we  can 
determine  the  value  of  G  to  an  accuracy,  X',  of 

-    tand^CtanD^-tancT)  L    +      ^Sx^B>'JP^'''^''*• 
al  =  tan  D^°  -  tan  D^  and,   S,  =  tan  d^"*  -  tan  (T. 

127.  It  may  be  remarked,  that  in  the  foregoing  methods  unless 
the  galvanometer  under  measurement  has  a  high  degree  of 
'*  sensitiveness  "  (page  80),  then  even  a  moderate  degree  of  accuracy 
in  making  the  tests  cannot  be  assured. 


X'  = 
where 


(    125    ) 


CHAPTER  VI. 

MEASUREMKNT  OF  THE  INTERNAL  RESISTANCE  OF 

BATTEBIES. 

Half  DErLxoTioN  Method. 

128.  On  page  5  a  formula'  is  given  for  determining  the  re- 
sistance r  of  a  batterer,  viz. : — 

where  G  is  the  resistance  of  the  galvanometer  employed  to  make 
the  test,  p  a  resistance  which  gave  a  certain  current  through  the 
galvanometer,  and  B  a  larger  resistance  which  caused  the  strength 
of  this  current  to  be  halved. 

As  this,  though  a  simple,  is  a  very  good  test,  and  is  one  which 
is  very  frequently  made  use  of,  a  numerical  example  may  prove 
of  value. 

For  example. 

With  a  galvanometer  whose  resistance  was  100  ohms  (G), 
and  a  battery  whose  resistance  (r)  was  to  be  determined,  we 
obtained  with  a  resistance  in  the  resistance  box  of  150  ohms  (p), 
a  deflection  representing  a  current  of  a  certain  strength,  and 
on  increasing  p  to  600  ohms  (R),  we  obtained  a  deflection  which 
showed  the  current  strength  to  be  halved.  What  was  the  re- 
sistance of  the  battery  ? 

r  =  600  -  (2  X  150  -f  100)  =  200  ohms. 

To  avoid  mistakes,  it  should  be  carefully  observed  that  in  work- 
ing out  the  formula  we  *'  First  double  the  small  resistance  :  to  the  result 
add  the  remtanee  of  the  galvanometer^  and  deduct  this  total  from  the 
greater  remtance" 

129.  A  very  common  method  of  making  this  test  is  to  employ 
a  galvanometer  of  practically  no  resistance,  and  to  take  the  first 
deflection  with  no  resistance  in  the  circuit  except  that  of  the 
battery  itself.    In  this  case  (2  p  +  G)  =  0,  so  that 

r  =  n 

or  the  added  r&aintance  is  the  resiatance  of  the  battery. 


tceffl^^ 


I 
I 


I 
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130,  If  wo  corapare  the  firat  method  (§  128  with  the 
determining  the  resistance  of  a  galvanometer  descHbed  oii  page 
94  (§  90),  we  can  see  that  the  two  are  almost  identicah  In  the 
one  case  we  determine  the  rcsistatice  of  the  gnlvanomeler,  and 
iu  the  other  we  determine  the  resistance  of  tlie  battery  plus  the 
galvanometer,  and  then  from  the  result  deduct  the  value  of  the 
galvanometer.    This  being  bo,  we  can  see  that  the 

Best  Conditions  for  making  the  Tetl 
are  obtained   by  making  p  +  Q  a  fractional  value  of  r;  to   do 
which  we  should  require  a  galvanometer  of  low  roBistance. 

As  regards  the  poteibh  degree  o/aceuraci/  aUainaUe,  we  can  see 
from  the  galvanometer  test  referred  to,  that 

that  is  to  say : —  ^^H 

Pogsille  Degree  of  Acairaeif  aUatnable. 
If  we  can  be  certain  of  the  value  of  the  galvanometer  deflec- 
tion to  an  acouraoy  of  y  per  cent.,  then  wo  can  be  certain  of  the 

accuracy  of  the  value  of  r  within  2  M  4-  -  )  y' ;  per  cent. 

Or  if  we  employ  a  galvanometer  of  low  resistance,  then  we 
can  be  certain  of  the  accuracy  of  the  value  of  r  within  2  y'  per 
cent. 

If  the  galvanometer  deflection  be  too  high,  i.e.  above  about  55° 
(page  29,  S  35),  with  the  lowest  value  we  can  give  to  p,  then  the 
galvanometer  must  be  reduced  in  seiisitivenc-ss  by  being  shunted, 
and  the  value  of  G  in  the  formula  will  then  be  the  combined 
resistance  of  the  galvanometer  and  ehunt,  that  is,  the  product  of 
the  two  divided  by  their  sum  (page  85). 

Thomson's  Uethod. 

131.  Fig.  63  shows  the  theoretical,  and  Fig.  C4  the  practical 
InethodB  of  making  this  test. 

The  theory  of  the  method  is  aa  follows :  The  galvanometer  O, 
a  resistance  p,  and  the  battery  whotn:  refislanaj  r  is  retjuired, 
are  joined  up  in  simple  circuit  with  u  shunt  H  between  the  polee 
of  the  battery;  a  deflection  of  the  galvanometer  needle  is  pro- 
duced with  a  resistance  ji  in  the  resistance  box.  The  shunt  is 
now  removed ;  this  oauses  fho  deflection  to  become  larger;  pia 
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then  indeased  UDtil  the  deflection  becomes  the  same  as  it  was  at 
first.  Let  the  new  resistance  be  R,  and  let  E  be  the  electromotive 
force  of  the  battery  and  C  the  current  passing  through  the  galvano- 
meter. 


Fig.  63. 


Fio.  64. 


In  the  first  case  we  have 


G  = 


E 


S 


r  + 


S  (p  +  G)   -^  S  +  p  -f.  G 


S-hp  +  G 
ES 


r(S-fT+<>)  +  S(p-hG)' 


ami  in  the  second  case 


('  = 


E 


therefore 


E 


r  +  R  +  G' 
ES 


r  +  n  +  G       r(S+p  +  G)  +  S(p  +  G) 


By  multiplying  up  and  cancelling, 

r(p  +  G)  =  S(R-p), 


or 


r  =  S 


,R-  p 


P  +  G- 
For  example, 

A  battery  whose  resistance  (r)  was  required,  was  joined  up  in 
circuit  with  a  resistance  of  200  ohms  (p)  and  a  galvanometer  of 
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)hms  (G),  a  ahmit  of  10  ohms  <S)  being  between  the  poles" 
flieUUer;. 

On  remoring  the  shunt  it  was  nec«asaiy,  in  order  to  reduce 
the  moFMMd  deflection  to  what  it  was  originally,  to  t 
to  3200  abma  (B).     What  was  the  resistance  of  the  batter;  ? 
,„  3200 -200         „      , 


)1«^^ 
reduce 


132.  The  inveettgation  for  determining  the   be«t  resistances 
to  employ  in  making  this  test  voald  be  conducted  in  precin 
ame  manner  as  that    given  on  page  lOt),  el  teq.     For  / 
ioQ 

,  3K-1' 

(E  +  BI-CH-G) 

which  is  the  same  kind  of  equatioD  as  the  one  in  the  test  3 
have  referred  to,  viz. : — ' 


and  ae  in  this  case  we  proved  that  S  was  to  be  as  small  nnd  R  as 
large  as  poaaible,  so  from  tlie  piecediug  eqn&tion  we  shonld  pn>vo 
that  S  shunUl  be  us  email,  und  R  +  O  as  large,  aa  pos^iiblc.  In 
,  therefore,  to  obtain  the  ^h 
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133,  Firat  make  a  rough  test  to  aeuertain  approximately  what 
is  the  valne  of  r.  Having  done  this,  insert  a  shunt  (S)  between 
the  poles  of  the  batlery,  of  lees  resistance  than  r. 

Next  join  up  p  in  oirouit  with  G,  with  the  battery,  and  with 

its  shunt  S,  making  p  +  Q  not  larger  than  ^  (O  +  R) ;  R  being 

the  highest  rasiatance  that  can  bo  inserted  iu  the  circuit. 

The  galvanometer  needle  being  obtained  at  the  angle  of 
maximum  senBitivcueBB,  note  the  value  of  p. 

Now  remove  the  shunt  and  increase  p  to  B,  so  that  tha  ini 
oreased  deflbctiun  becomes  the  same  as  il  was  iit  first.     Nut 
111  calculate  r  from  the  roriiiulu. 
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Possible  Degree  of  Accuracy  attatndble. 

From  the  galvanometer  test  referred  to,  we  can  see  that  if  we 
can  determine  the  value  of  the  galvanometer  deflection  to  an 
accuracy  of  •/  per  cent.,  then  we  can  determine  the  accuracy  of  r 
to  an  accuracy  of 

(^ + ;)  (^ + etg)  y'  ^'  ""''*• 

134.  As  we  cannot, in  this  test  vary  the  resistance  of  the 
galvanometer  so  as  to  obtain  the  deflection  at  the  angle  of 
maximum  sensitiveness,  we  must,  if  the  deflection  be  too  high 
with  the  highest  resistances  wo  can  put  in  the  circuit,  reduce 
its  sensitiveness  by  means  of  a  shunt  between  its  terminals  ;  the 
value  of  G  in  the  formula  will  then  be  the  combined  resistance 
of  the  galvanometer  and  its  shunt. 

The  constancy  of  a  battery  being  much  impaired  by  its  being 
on  a  circuit  of  low  resistance,  it  is  not  advisable  to  reduce  the 
deflection  of  the  galvanometer  by  making  S  very  small.  In 
fact  S,  although  it  should  be  lower  than  the  resistance  of  the 
battery,  should  not,  in  this  test,  be  made  lower  than  we  can 
help.  Thus,  if  the  resistance  of  the  battery  were  about  200 
ohms,  it  would  be  preferable  to  make  S  100  rather  than  10  ohms. 
Should  the  deflection  of  the  galvanometer  needle  be  too  low, 
the  only  thing  to  be  done  is  to  use  another  which  has  a  higher 
figure  of  merit. 

135.  A  Thomson  galvanometer  (page  47)  answers  very  well  for 
tests  like  this,  as  its  figure  of  merit  can  always  be  made  sufficiently 
low  by  placing  a  shunt  made  of  a  short  piece  of  wire  between  its 
terminals. 

136.  If  we  adjust  p  in  the  first  place  so  that  together  with  G 
it  equals  S,  we  get  the  simplified  formula 

r  =  S  — g—  =  R  -  p  ; 

that  is,  the  added  resistance  is  the  resistance  of  the  battery.* 

Again,  if  we  commence  with  no  other  resistance  in  the  galvano- 
meter circuit  beyond  that  of  the  galvanometer  itself,  we  get  the 
nimpliflcation 

r  =  S    ;  ; 
Li 

♦  gabine'B*  The  Electric  Telegraph/  p.  314. 
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Lastly,  if  we  make  S  =  G,  then  we  get 

r  =  R. 

If  we  arrange  the  tests,  however,  so  as  to  use  these  simpli- 
fied formulae,  we  are  obliged  to  employ  an  arrangement  of  re- 
sistances which  would  not  be  at  all  advisable  if  we  wish  for 
accuracy,  and  it  is  very  questionable  whether  any  advantage  is 
gained  by  adopting  a  simplification  of  a  formula,  in  itself  simple, 
at  the  expense  of  accurate  testing. 

The  arrangement  of  key  described  in  §  106,  page  107,  may 
obviously  be  applied  to  the  foregoing  testtf  with  advantage. 

Siemens'  Metiiod. 

137.  Fig.  65  shows  the  arrangement  of  resistances,  <fec.,  for 
determining  the  resistance  of  a  battery  by  Siemens'  method. 

A  C  is  a  resistance  on  the  slide  principle  (§  19,  page  16),  R 
a  resistance  connected  to  the  junction  of  the  galvanometer  G  and 
the  battery  whose  resistance  r  is  required.  The  other  end  of  R 
is  connected  to  the  slider  B. 

Fig.  65. 


B      F     B,      h 


^rr-€\  ^  g~g"P  s''^;  fg'g'g  B"inf 


^ 


Now  it  will  be  found  that  if  B  be  moved  towards  A  or  towards 
C  from  a  certain  point  midway  between  A  and  C,  the  current 
flowing  through  the  galvanometer  will  be  increased. 

It  follows  from  this  that  if  wo  put  B  near  A  and  obtain  a 
certain  deflection,  wo  can  also  obtain  this  samo  deflection  by 
sliding  B  to  a  point  near  C. 

Let  B  and  Bi  be  these  points,  and  let  a  be  the  resistance 
between  A  and  B,  h  the  i  esistance  between  B^  and  C,  and  p  the 
resistance  between  B  and  B^  Also  let  E  be  the  electromotive 
force  of  the  battery,  and  r  its  resistance,  and  let  C  be  the  current 
deflecting  the  galvanometer  needle. 

Now  when  the  plidor  is  at  B 

E  .  R 


C  = 


^  4. '«  4.  I^  (^  +  ^  +  ^^ )         1^  +  P  +  ^  +  Q 

'^"^""^K-f  P-I-6  +  G 
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^  EE 

and  when  the  slider  is  at  B^ 


(r  +  a  +  p){B+6+G)+R(6+G)' 

therefore 

(r  +  a)  (R  +  p  +  &  +  G)  +  R  (p  +  6  +  G) 

=  (r  +  a  +  p)  (R  +  6  +  G)  +  R  (6  +  G)  ; 

therefore 

(r+a)p  +  Bp  =  p(R+6  +  G); 

from  which 

r  +  a  =  6  +  G 

or 

r  =  G  +  &  -  a. 

In  making  this  test,  then,  what  wo  have  to  do  is  to  note  what 
are  the  valnes  of  AB  (a)  and  B^  C  (b)  when  the  same  deflections 
are  ohtained  on  the  galvanometer,  then  from  those  values  and  the 
resistanoe  of  the  galvanometer  we  can  determine  the  resistance  of 
the  hattery. 

138.  Another  way  of  making  the  tost  is  to  find  the  point  he- 
tween  A  and  C  which  gives  the  least  deflection ;  then  a  and  h  will 
be  the  resistances  on  either  side  of  this  point. 

139.  Let  VLB  now  consider  what  are  the  **  Best  conditions  for  making  the  test." 
The  points  to  be  considered  are,  what  are  the  best  resistances  to  make  R  and  A  C, 
and  also,  at  what  point  should  we  place  the  slider  to  commence  with,  that  is, 
should  we  place  it  near  one  of  the  ends  of  A  C  or  at  some  point  nearer  the  middle 
of  the  latter? 

From  the  equation 

r  z=G  +  h-a 

it  is  clear  that  any  error  made  in  5  or  a  will  make  an  exactly  corresponding  error 
in  r;  in  considering  the  problem,  therefore,  we  have  simply  to  determine  what 
arrangement  of  resistances,  &c.,  will  cause  any  slight  error  in  a  or  6,  that  is  any 
slight  movement  of  the  slider,  to  make  the  greatest  possible  alteration  in  the 
current,  that  is  in  the  deflection  of  the  galvanometer  needle. 

Let  us  suppose  the  slider  was  at  B  for  the  first  observation,  and  let  us 
suppose  that  when  the  slider  was  at  that  point,  a  current  C  flowed  through  the 
galvanometer,  and  that  when  the  slider  was  moved  to  B,  the  current  was  also  G. 
Further,  when  tho  slider  was  moved  a  distance  \  beyond  B  towards,  say,  A,  let 
us  suppose  the  current  was  increased  ioC  +  c. 

We  have  then  to  determine  what  arrangement  of  resistances,  &c.,  will  make 

rr^  as  large  as  possible. 

K   2 
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Xow 

c  = ER  

(r  +  a)  (B+p+6  +  G)  +  R0>  +  6+G)' 

and  wo  know  tliat 

consequently 

C=  ^^ 


(r  +  a)  (R  +  p  +  r  +  o)  +  B  0>  +  r  +  a) 
and  by  putting  a  —  X  for  a,  and  p+  \{or  p,  we  get 


or, 
there  foro 

lliereforo 


n  A.  c  = ER ^Q 

(r  +  a-X)(R  +  p  +  r  +  a)  +  R(p  +  r+a         *' 

c  =  C,  -  C  ; 


C     c        • 

r!__  \(R  +  p4-*'  +  fl) 


(;      (r  +  cc  -  a;  (K  +  p  +  r  +  fl)  +  R  (f>  +  r  +  a) 

or,  since  A  is  ft  very  small  quantity,  we  may  say 

e  _  X(R  +  p  +  r  +  o) 


[A] 


C      (r-\-  a)  (R  +  p  +  r>  a)  +  Ri'p  +  r  +  «)' 
or 

r  _  A 

^      ^R  +  (p  +  r  +  «) 

AVc  will  first  determine  at  what  point  the  sliler  should  be  placed  to  coni- 
meiice  with. 

Now  if  we  show  at  what  point  it  should  be  placed  near  A,  we  determine  tLo 
point  at  which  it  should  be  placed  near  C,  for  r  +  a  must  equal  G  +  6.  What 
we  have  to  do  then  is  to  determine  the  boat  value  to  give  to  a. 

To  do  this  we  must  suppose  the  resistance  A  0  to  be  constant,  or  since  r  and 
G  are  naturally  constants,  we  must  have 

r+rt+p+6+G; 
tliat  is, 

r  +  a  +  p  +  r-^a, 

equal  to  a  constant,  say,  K ;  therefore 

p  +  r  +  a  =  K  -  (r  +  a). 

therefore,  by  equation  [A],  we  get 

c  x(R  +  K-(r  +  o)) 


C      (r  +  a)  (R  +  K  -  (r  -f  o)  )  +  B  (K  -  (r  +  o)  ) 

^ A  (R  +  K  -  (r  +  «)  ) 

(r  +  a)(K-(r  +  a))  +  RK* 

From  this  we  see  that  the  smaller  we  make  (r  +  a)  the  larger  will  be  the 
numerator  of  the  fraction.    Also  if  r  +  a  be  less  than      (which  it  must  be  in 
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the  test),  the  smaller  we  make  it  the  smaller  will  be  the  denominator  of  the 
fraction.    This  may  be  pioyed  as  follows : — 

(r  +  a)(K-(r  +  a))  =  (r+a)K-(r  +  ay  =  ^*-((r-f  a)-|y. 
If  in  the  latter  expression  we  make 


K 

r  +  a  = 

then 


r  +  a=-, 


((r  +  a)-|y  =  0, 

which  makes  the  expression  as  small  as  possible. 

But  if  we  make  r  +  a  either  larger  or  smaller  than  --,  then  f  (r  +  o)  —  ~  j 

(Iocs  not  equal  0,  but  it  has  a  plus  value  which  increases  in  proportion  as  we 

K         K 

make  either  (r  +  a)  larger  than  ~ ,  or  —  larger  than  (r  -f  a) ;   for  although 

( (r  +  o)  —  -J  in  one  case  will  have  a  positive,  and  in  the  other  caee  a  negative 
C*"  +  <^)  9" )  i®  positive  in  both  cases. 

XT 

If,  therefore,  we  make  (r  +  a)  smaller  than  ..,  the  value  of  the  expression 

referred  to,  and  cousequently  the  value  (r  +  o)  (K  —  (r  +  a)  ),  will  increase  in 
proportion. 

Consequently  the  smaller  we  mitko  (r  +  «)»  and  therefore  o,  the  larger  will 

?  be. 

c 

It  is  best,  therefore,  to  place  the  slider  to  commence  with  as  near  to  one  end 
of  A  G  as  possible. 

Next  we  have  to  determine  what  value  we  should  give  to  A  G.     This  we  shall 

do  if  wo  determine  what  value  p  should  have.    If  we  write  equation  [B]  (page 

13*2)  in  the  form 

c                           A 
-. __ , 


1  1 

R  "^  p  +  r  +  a 

we  can  see  that  r,  a^  and  B  being  constant,  ^^  is  made  as  large  as  possible  by 

making  p  as  small  as  possible ;  but  wo  can  also  see  that  there  is  but  little  use  in 
making  p  much  smaller  than  r  +  a^  or,  as  a  ought  to  be  small,  in  making  it 
much  smaller  than  r. 

Lastly,  we  have  to  find  what  value  it  is  best  to  give  to  B ;  this  we  can  also 
determine  from  the  last  equation.    We  can  see  from  the  latter  thut,  r,  a,  and  p, 

being  constant  quantities,  ~  is  made  as  large  as  possible  by  making  B  as  small 

C 

as  possible ;  but  wo  can  also  see  that  we  gain  but  very  little  by  making  B  much 

smaller  than  r  +  ayai,M  a  ought  to  be  small,  by  making  it  smaller  than  r. 

Actaally,  of  course,  we  could  not  make  B  extremely  small,  for  the  reason  that  tho 


1S(  KAn«ooK  or  eixctbical  testing. 

ht  jKuHaJlj  ahoft  ciiciiiied  and  a  rcad- 


r-r«  =  G  +  K 


G  ■■■II;  il  is  IhereliDre  best  to  haTe  a 
(  poMJMfi,  or  ratfafcT  of  a  reaistanoe  not 


abMli  be  M  Mar  one  end  of  A  C  aa  pomble.    The 
i»  ■ebU  dideadj  be  the  end  to  which  the  greatest 

laliie  of  r  or  G  happens  to  be  the 
»  wbiek  tkas  laiger  Talae  ia  cooneded  should  the  alider  be 

of  aeeoiacj  attainable  "  we  must  in 
X'  and  7'  for  the  abeolate  yalnes  A  and 

II.  viodL  case  w«  ft< 

.=r^.^lv^^±_->]l' per  cent 
L  K-rf  +  r  +  .Jr*^ 

Zj  itmmmnm  1^  »&ch&  tken.  we  have 


B&s  a^itkmtfor  makimg  ike  Te$t, 

l-fc-J.  Tie  slimier  a:  cxnuuencing  should  be  as  near  as  possible 
:.  iiA3  tM  cf  A  C  to  wKkh  is  coimected  the  greatest  of  the  values 
r  Az?i  G,  Tl-c  T^oe  of  A  C  should  not  be  less  than  the  value  of 
lie  jr^jaicT  CI  li*  twro  qnan titles  r  and  G.  K  should  be  lo^er 
lijji  ih*  gr^Aier  c:  th^  twv  quantities  r  and  G. 

Ti^  pilvii.^ miter  r^i^unce  should  not  exceed  r,  and  tho  de- 
f-.v'Uvii  >L;;::i  le  cltaiii^^at  the  angle  of  maximum  sensitiveness. 
1'^^^  v;kn  c^  dvre  I  v  varving  R ;  but  inusmuch  as  the  latter  should 
U  :.  w^r  tCA::  r,  it  is  d*:sirable  to  use  a  galvanometer  of  such  sensi- 
:.\<r<>^  :i*;  K  ».;in  l«  niadv  sufficiently  small  without  reducing 
:l,c  vudvv::ci:  tvv  low. 

Pv«tf»;iV  Ik*:r^<  0/ Accmracff  attainaUf. 

It  we  lan  Iv  ceitain  of  the  galvanometer  deflection  to  an 
acvuT^cy  cf  7  |^r  ctnt,,  t  It  n  we  can  be  certain  of  the  value  of  r 


..       r        -  a.  1L!£± l±^  1  i' per  cent. 

^  m%  mttd  r  •**  ^*-*^-^'  sm^ll  compaied  with  r,  then  wo  get 

X»        » 
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141.  As  in  previous  tests,  we  should  first  determine  the  value 
of  r  roughly,  and  then  more  exactly  with  the  resistances  properly 
arranged. 

142.  We  have  hitherto  supposed  A  C  to  be  a  slide  rmstance, 
but  it  is  not  absolutely  necessary  that  it  should  be  so ;  the  test 
can  very  well  be  made  in  the  following  manner : — 

Referring  to  Fig.  65,  and  supposing  r  to  be  greater  than  G, 
let  the  resistances  p  and  h  be  ordinary  ones  and  both  capable  of 
variation,  and  let  the  resistance  a  be  done  away  with. 

Having  connected  H  to  B,  that  is,  to  the  pole  A  of  the  battery, 
plug  up  all  the  resistance  in  h  and  adjust  p  and  H  till  the  deflec 
tion  of  maximum  sensitiveness  is  obtained  on  the  galvanometer. 
Care  must  be  taken  that  the  adjustment  of  p  and  K  is  so  made 
thfilt  B  is  less  and  p  greater  than  Q,  If  the  galvanometer  has 
a  sufficiently  high  figure  of  merit,  there  will  be  no  difficulty  in 
doing  this. 

Next  shift  the  connection  of  H  from  B  to  B^  and  proceed  to 
adjust  b  and  p  until  the.  original  deflection  is  reproduced,  the 
adjustment  beiug  made  in  such  a  manner  that  the  same  resistance 
is  plugged  up  in  p  that  is  unplugged  in  &;  then 

r  =  G  +  6. 

It  must  bo  noted  that  of  the  two  quantities  G  and  r  the  one 
which  has  the  greatest  resistance  must  be  connected  to  p  at  B. 
In  the  case  we  have  considered  we  have  supposed  that  r  was  the 
larger  quantity,  but  if  G  had  been  the  larger  of  the  two  the  posi- 
tion of  G  and  r  would  have  had  to  have  been  reversed,  and  the 
resistance  of  r  would  have  been  given  by  the  formula 

r  =  G  -  &. 

The  modus  operandi  of  the  test  would,  however,  be  precisely  the 
same  in  the  two  cases. 

Two  sets  of  resistance  coils  are  evidently  necessary  to  make 
this  test,  as  it  cannot  be  made  with  a  single  set  of  the  ordinary 
kind  (Fig.  6,  page  13). 

Mange's  MKriion. 

143.  This  test  is  of  a  very  similar  nature  to  Thomson's  method 
of  determining  the  resistance  of  a  galvanometer  given  on  page  107. 
Fig.  66  (page  136)  shows  the  theoretical  method  of  making  the  test. 

In  the  theoretical  figure,  a,  h,  and  d  are  resistances,  g  a  galvano- 
meter, and  E  the  battery  whose  resistance  r  is  required. 

A  key  is  inserted  between  the  junctions  of  a  with  h  and  d 


i 
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with  r.     By  depressing  this  key  the  junctions  are  connected 
together. 

Let  us  first  suppose  the  key  to  be  up,  then  the  current  C^ 
flowing  through  the  galvanometer  will  be 

E  a  +  h 


Q      __ 

_  E(a4-b) 

"^  g {a  +  b  +  d  +  r)  +  (a  +  b)  {d+  r)' 


[1] 


Next,  suppose  the  key  to  be  pressed  down ;  then  the  current  C^ 
flowing  through  the  galvanometer  will  be 

E 


C,  =     - 


hd      ,     \     ^    hd 


r  + 


hd    .    ^ 
b+d  +  ^  +  '' 

'E{h  +  d)a 


h^\'d 


a 

+  (/.  +  « 


..^ 


g(a+r){h  +  d)  ^hd(a  +  r)  +  ar{b+dy 


[2] 


Now  if  the  resistances  be  adjusted  so  that  the  deflection  of  the 
galvanometer  needle  remains  the  same  whether  the  key  is  de- 
pressed or  not,  then  equations  [1]  and  [2]  are  equal ;  that  is 

Hia  +  h) 

g{a  +  h+d  +  rj+  (a  +  h)  (d  +  r) 
Y.(h  +  d)a 

Vi'^  +  r)  (h+d)  +  bd(a  +  rj+  ar  (h  -f  d) ' 

Now  if  we  refer  to  "  Thomson's  galvanometer  resistance  test "  on 
pnge  108,  we  can  see  tl  at  this  equation  is  similar  to  equation  [3] 
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on  that  page  with  the  exception  that  r  and  g  are  interchanged. 
It  most  therefore  be  obvious,  by  the  same  development  of  the 
equation  as  that  given  on  the  page  referred  to,  that 

ad* 

144.  The  great  advantage  of  this  test  is  that  the  electromotive 
force  of  the  battery  need  only  be  constant  during  the  very  short 
interval  of  time  occupied  in  depressing  and  raising  the  key. 

145.  In  making  the  test  practically  the  connections  would  be 
made  as  shown  by  Fig.  66.  Terminals  E  and  B'  would  be  joined 
by  a  short  piece  of  thick  wire ;  the  other  connections  are  obvious. 

The  left-hand  key  puts  the  galvanometer  on ;  this  key  must 
be  depressed  and  held  permanently  down,  and  the  right-hand  key 
then  alternately  depressed  and  raised  and  the  resistance  dy  that  is, 
the  resistance  between  A  and  E  at  the  same  time  adjusted  until  the 
deflection  of  the  galvanometer  needle  remains  the  same  whether 
the  key  is  up  or  down. 

*  The  truth  of  this  proportion  also  follows  from  the  principle  of  the  Wheat- 
stone  Bridge  (Chapter  VIII.)*  For,  supposing  to  commence  witli,  we  have  no 
electrorootiye  force  in  tho  arm  C  £,  and  that  we  Lave  a  battery  in  circuit  with 
the  key  K — the  ordinary  Wheatstone  Bridge  arrangement,  in  fact — then,  when 

a  d 

we  Ijavc  no  movement  of  tho  galvanometer  needle  or  opening  or  closing  K.    Let 

UH  next  suppose  the  electromotive  force  E  to  exist,  then  the  result  of  E  is  in  no 

way  to  affect  the  values  of  the  resistances,  it  simply  causes  currents  to  flow 

through  the  various  resistances,  and  through  g  amongst  others,  these  currents 

being  superimposed  on  those  caused  by  the  battery  which  we  have  supposed  to  be 

in  circuit  with  the  key  K.    But  inasmuch  as  there  is  no  current  through  g  due 

to  the  battery  in  circuit  with  K,  and  as  all  the  other  conditions  remain  unchanged, 

the  movement  of  K  cannot  affect  the  current  whicli  is  now  flowing  through  ^, 

a  d 
though  it  would  do  so  if  the  proportion  r  =  -p  were  not  satisfied,  for  in  that  case 

a  current  due  to  the  battery  in  circuit  with  K  would  flow  through  g  when  K  is 

depressed,  this  current  being  superimposed  on  the  current  due  to  E.    Lastly,  if 

no  effect  is  produced  on  the  galvanometer  needle  when  tlicre  is  a  battery  in  circuit 

with  K,  and  when  K  is  raised  and  depressed,  then  it  is  obvious  that  no  effect  can 

be  produced  if  there  is  no  battery  in  the  c  rcuit  of  K.    If,  however,  under  the 

latter  conation  the  raising  and  depression  of  K  does  cause  the  galvanometer 

ft  fi 
needle  to  move,  then  it  is  clear  that  the  proportion  r  =  —  is  not  satifcfied,  tlmt  is 

7 

to  say,  the  absence  of  any  movement  sIjow  -  that  r  =  -  - . 
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146.  Agaiu  referring  to  Thomson's  galvanometer  reeislance 
teat ;  it  must  be  clear,  by  snbstittitiDg  r  for  g  in  the  equatious. 
that  to  obtain  the  


r- 1 — 

H— 1 


Beet  Condiliong  /or  making  the  Test, 
Make  a  as  low  as  possible  and  b  as  high  as  possible,  but  not  so 
high  that  d  when  exactly  adjusted  would  oxoeed  alt  the  resistancfl 
we  could  insert  between  D  and  E  (see  Fig.  C7). 

Adjust  d  upproximatoly,  and  then,  if  necessary,  adjast  the 
resistance  of  the  galvanometer  shunt  (which  it  will  be  necessary 
to  employ)  so  that  the  final  deflection  is  as  nearly  aa  possible  that 
of  maximum  sensitiveness,  and  then,  having  exactly  adjust 
calculate  r  from  the  furninla. 

Potsihh  Degree  of  Accuracy  ailainohii:. 

If  we  can  determine  the  value  of  the  galvanometer  deflection 

to  an  accuracy  of  y'  per  cent,,  then  wo  can  be  certain  of  the  value 

of  r  to  an  accuracy  of(l  -\ —  j(l  +-i)y'  per  cent. 

147.  In  the  practical  execution  of  the  test  with  the  set  of 
resistance  coils  shown  by  Fig.  67,  the  lowest  value  we  could  give 
to  a  would  be  10  units,  unless  we  improvised  u  resistance  of  less 
value,  which  it  might  be  necessary  to  do. 

MaSCE'S   MlCTHOD   WITH   THE   SlIDK  WlllE   BbIDOE. 

14S.  Slance's  test  is  sometimes  made  by  having  a  -f  ^  a  slide 
wire  resistance,  d  being  a  fixed  resistance ;  in  this  case  the  alidct 


Ite. 
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would  be  moved  along  between  A  and  C  until  the  point  is  found 
at  which  the  depression  or  raising  of  the  key  makes  no  alteration 
in  the  deflection  of  the  galvanometer  needle. 

For  practically  executing  the  test  the  apparatus  known  as 
the  "  Slide  Wire  "  or  "  Metre  Bridge  "  may  be  used.  This  appa- 
ratus, which  is  shown  by  Fig.  68,  is  described  in  Chapter  VIII. 


Fig.  68. 


(The  Wheatstone  Bridge).  The  slide  wire,  a  +  &,  which  is 
1  metre  long,  is  stretched  upon  an  oblong  board  (forming  the 
base  of  the  instrument)  parallel  to  a  metre  scale  divided  through- 
out its  whole  length  into  millimetres,  and  so  placed  that  its  two 
ends  are  as  nearly  as  possible  opposite  to  divisions  0  and  1000 
respectively  of  the  scale.  The  ends  of  the  wire  are  soldered  to  a 
broad,  thick  copper  hand,  which  paeses  round  each  end  of  Ihe 
graduated  scale,  and  runs  parallel  to  it  on  the  side  opposite  to  the 
wire.  This  band  is  interrupted  by  four  gaps,  at  m^,  r,  d,  and  m^. 
On  each  side  of  these  gaps  are  terminals.  In  making  the  test 
under  consideration,  the  gaps,  m^  and  wij,  are  closed  by  thick  copper 
straps.  The  slider  S  makes  contact  with  the  slide  wire  by  the 
depression  of  a  knob  on  S. 

The  battery,  r,  a  resistance,  d,  and  a  galvanometer,  g,  being 
joined  up  as  shown,  the  slider  S  is  moved  along  the  scale,  the 
knob  being  depressed  at  intervals,  until  the  point  is  reached  at 
which  the  depression  makes  no  change  in  the  permanent  deflec- 
tion of  the  galvanometer  needle.  When  this  is  the  case,  then 
as  in  Thomson's  galvanometer  test  (page  107),  wo  have 


-"^(lOOO-a)" 
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For  example. 

In  tlie  foregoing  test,  eiinUibriuin  was  produced  when  d  \ 
okm,  and  a,  450  divieiouH;  n'hat  was  the  reeiBtance,  r,  off 
Bttery  ? 

1000  -  450       550 

149.  The  hegt  conditions  for  laaking  Ihe  lett  are  BimiUr  to  thoae 
required  for  "Thoroson's  galvanometer  teat"  (page  107),  namely, 
we  should  raiiko  d  larger  than  r,  bnt  not  greater  than  about  10 
times  r. 

As  n  rule  the  camiilutc  slidQ  wiro  bridge  ia  furoishail  with  but  four  Kautan<w 
eoita  of  ]  ohm  eaoh,  bo  tliat  the  olioica  of  n  tdbUIadco  to  iiuert  in  J  b  limilrd, 
and  it  ma;  uot  be  poiaiblu  to  fallow  out  tlie  rule  or  "making  d  abuuC  10  timi-v 
M  liiTge  aa  r."  Id  tliii  ciiae  tlio  puisibilil;  nf  nn  aci^umtu  mcBBiirenicnt  beconie^ 
propartionatt'l;  reduced  below  Ihe  higlivat  possible  HUndaid,  aa  Uint  on  tlio  ooe 
hatid  a  cell  whoao  TwiHtaucc  is  maoU  It^sa  lliau  oue-lentli  of  an  ohm,  or,  on  the 
other  liniid,  a  cell  wlioss  reii^tiiDCu  exoecils  -t  olinie,  mniiot  be  miasureil  wiib  tl.e 
Jilghest  poesiblc  accuriu:;. 

Strictly  speaking  (aa  haji  been  poioteil  out),  iu  order  to  cncure  aecimicf  it  \a 
niKeaaary  that  the  rciiatnnce  of  the  portion  of  the  slide  wire,  a,  he  tea  than  tliu 
icnftance  of  the  baiter;  to  be  nic«Bured ;  bnt  ub  the  reisistani^  nf  Ibo  whole 
lungtl)  uf  thn  wiiu  will  not  cieewl  oae-tfintli  of  on  ohm,  tbe  rcsistmiae  of  the 
length  II  will  practiuully  be  Icaa  than  the  icBiatancc  of  tho  battcrj,  uii)vb>>  if 
Oeurae,  this  registance  is  extremely  low. 

The  potaibU   degree  of  accuracy   allainoble   wo   can  see    from 

Thomson's  galvanometer  test  (page  107)  mnat  be  given  by  the 

,,  _      100000  3 


.. ; tpor  cent. 

a(HM)0  -  o)' 

wlioro  3  i«   the   degree    of  accni'acy  in    divisions   to  which  j 
slider,  S,  can  be  adjusted.     If  we  can  adjust  to  an  accnmcyfl 
]  division,  then  8=1. 

For  example. 

Ill  the  last  exatiipic,  what  would  I>e  the  degree  of  uccumcy, 

X',  with  which  the  value  of  r  could  be  obtaiiieil,  suppoBing  that 

the  position  of  the  slider  could  be  determined  to  an  nceuracj- 

1  division  (^)  ? 

,.  100000  XI 

*■ s=  -40  |)er  cent. 


450  (1000  -  450) 


I 

imcy, 
that 


150.  The  fcnsitivenesa  of  Mauce's  test  can  be  considerably 
increaaed  by  including  a  battery  in  tbe  key  circuit;  this  must  bo 


IKTEBNAL  RESISTANCE  OP   BATTERIES.  141 

evident  from  tlie  note  on  page  137.  In  making  the  test  in  this 
manner  the  additional  hattery  should  preferably  be  connected  up 
60  as  to  act  in  the  same  direction  as  the  battery  being  measured, 
i.e.  in  the  case  shown  by  Fig.  66  tlie  zinc  of  the  additional 
battery  must  be  connected  to  E. 

151.  The  facility  and  accuracy  with  which  all  the  foregoing 
tests  (except  the  half-deflection  test)  can  be  made  may  be  greatly 
increased  by  the  following  arrangement:  Use  a  galvanometer 
with  a  high  "  figure  of  merit "  (page  70),  and  instead  of  making 
the  test  with  the  needle  brought  to  the  "angle  of  maximum 
sensitiveness"  (page  25),  make  it  with  the  needle  brouglit  ap- 
proximately to  zero  by  means  of  a  powerful  permanent  magnet 
set  near  the  instrument;  under  these  conditions  the  galvanometer 
needle  will  be  highly  sensitive  to  any  small  change  in  the  current 
strength. 

Another  arrangement  wliich  may  be  very  conveniently  adopted 
is  to  employ  a  galvanometer  with  a  high  **  figure  of  merit,"  and 
wound  with  two  wires.  One  of  these  wires  would  be  joined  in 
circuit  with  the  battery  under  test,  &c.,  in  the  usual  way;  the 
other  would  be  connected  in  circuit  with  a  small  battery  and  a 
set  of  resistance  coils,  the  connections  being  so  made  that  the 
currents  through  the  two  coils  oppose  one  another.  When  the 
deflection  due  to  the  battery  under  test  is  obtained,  the  Kecond 
battery  and  resistance  coils  are  connected  up,  and  then  this 
battery  is  adjusted  until  the  needle  is  brought  to  zero  as  nearly 
as  possible.  The  test  is  then  made,  as  in  the  case  where  a  pernia- 
i;ent  magnet  is  used. 

152.  In  the  case  ofMance's  test  with  the  slide- wire  bridge, 
if  the  test  is  made  either  by  using  a  permanent  magnet  in  the 
way  described,  or  by  using  a  galvanometer  wound  with  a  double 
wire,  it  is  best  to  make  d  as  nearly  equal  to  the  resistance  of  the 
Wtter}'  as  possible  (it  should  not  be  made  less),  as  in  this  ease, 
since  the  slider,  S,  will  have  to  be  set  near  the  centre  of  the  scale, 
a  greater  range  of  adjustment  is  given  to  it,  for  5  divisions  near 
the  centre  portion  of  the  scale  (500  division  mark)  are  equivalent 
to  only  1  division  near  the  100  divi.sion  mark.  It  is  true  the 
arrangement  is  not  quite  so  sensitive  as  it  would  bo  if  the  slider 
were  set  towards  the  end  of  the  scale  ;  but  still,  if  we  can  employ 
a  galvanometer  with  a  high  figure  of  merit,  this  small  loss  of 
sensitiveness  is  more  than  compensated  for  by  the  increased  range 
which  can  be  obtained  on  the  scale. 
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Diminished  Deflection  Direct  Method. 

153.  This  method,  which  has  been  generally  described  in 
Chapter  I.  (§  6,  page  4),  is  as  follows : — 

The  battery  wliose  resistance,  r,  is  required,  a  galvanometer 
of  resistance,  G,  and  a  resistance,  p,  are  joined  np  in  simple 
circuit ;  the  deflection  obtained  is  noted.  Let  tiis  deflection  be 
due  to  a  current,  C^,  then  calling  E  the  electromotive  force  of  the 
battery,  we  have 

The  resistance,  p,  is  now  increased  to  H,  so  that  a  new  deflection 
due  to  a  current,  Ca,  is  produced,  then  we  have 


hence 


or 


02  =  ^:^^— j^,    or,    C2(r  +  G)  +  C,R  =  E; 


Ci  (r  +  G)  +  Ci  p  =  Ca  {r  +  G)+  C,  R. 


therefore 


that  is 


Ci  —  c. 


[A] 


If  a  tangent  galvanometer  is  employed  for  making  the  test, 
then  if  the  deflections,  D  and  d,  are  read  from  the  tangent  scale 
of  the  instrument,  those  deflections  can  be  directly  substituted 
for  the  quantities,  C^,  Co,  for 

D:d::Ci:C2; 

in  this  case,  then,  we  have 

I  -  --g-— ^-  -  ^.  [B] 

(1.)  For  example. 

With  a  tangent  galvanometer  whose  resistance  was  10  ohms 
(G),  and  a  battery  whose  resistance,  r,  was  required,  a  deflection 
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of  60  divi8i<ni8  (D)  on  [the  tangent  soale  of  the  instrument  was 
obtained,  when  a  resiBtanee  of  10  ohms  (p)  was  in  circuit ;  when 
the  latter  resistance  was  increased  to  230  ohms  (R)  the  deflection 
was  reduced  to  20  divisions  (d).  What  was  the  resistance  of  the 
battery? 

^^20X230-60X10_^Q^^Q^^^^ 
60-20 


If  the  readings  are  made  from  the  degreeB  scale,  then  we  must 
substitute  the  tangents  of  the  deflections  for  the  deflections  them- 
selves ;  the  formula  then  becomes 


tan  (i''  R  —  tan  D°  p      ^  r^-. 


tan  D''  -  tan  d" 

(2.)  For  example. 

In  a  measurement  similar  to  the  foregoing  the  readings  were 
made  from  the  degrees  scale  of  the  galvanometer,  and  deflections 
of  50®  (ly)  and  21}°  (cT)  respectively  were  obtained  with  re- 
sistances of  10  ohms  (p)  and  229  ohms  (R)  in  the  circuit.  The 
resistance  of  the  galvanometer  was  10  ohms  (G).  What  was  the 
resistance,  r,  of  the  battery  ? 

tan  50°  =  1-1918,  tan  21^  =  -3990, 

therefore 

^  13900  X  229^^J^18  X  10  _  ^,  ^  ,^  ^^^^^ 
1-1918  -  -3990 

154.  If  in  equations  [B]  and  [C]  wo  have  p  =  0,  that  is  to 
say,  if  we  make  the  test  by  having  at  flrst  no  resistance  in  the 
circuit  except  that  of  the  galvanometer  and  the  battery  itself,  then 
we  get 

r  =  Ep-^^-G  [D] 

and 

r  =  R* ^^^^      ^  -  G.  [E] 

tan  D  -  tan  d  ^    -■ 

155.  In  order  to  determino  the  **  Best  oonditiong  for  making  the  test,"  and 
also  the  "  Possible  degree  of  accuracy  attainable/'  let  us  write  equation  [A]  in 

the  form  ^  ^^      ^^      ^  ^        «v 

^  C,(R  +  G)-Ci(p  +  G) 

C,-0, 


\ 
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Now  this  equation  ia  similar  to  equation  [B]  (page  115}  in  the  **  Diminiahed 
Deflection  Direct  Method  "  of  determining  the  resistance  of  a  galvanometer,  except 
that  in  the  latter  method  we  have  the  quantities  R  and  p  in  the  place  of  the 
quantities  (R  +  (^)  ond  (p  +  O) ;  consequently  we  can  at  once  see  from  the 
investigation  in  the  test  referred  to  that  we  must  have — 


Best  Conditions  foi'  making  the  Test, 

156.  Make  p  as  small  as  possible. 

Make  B  of  such  a  value  that  when  the  deflections,  D,  d,  are  in 
divisions^  then 

approximately;  and   when    the   deflections   are   in   degrees  on   a 
tangent  galvanometer,  then 

tan  d^  =  *!^: 
ai»proximately. 

Possible  Degree  of  Accuracy  attainable. 

If  the  deflections  are  in  divisions,  and  if  we  can  read  their 
value  to  an  accuracy  of  -^th  of  a  divbion,  then  we  can  determine 
the  value  of  r  to  an  accuracy,  X',  of 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer, 
then  if  we  can  read  their  value  to  an  accuracy  of  ^th  of  a  degree, 
we  can  determine  the  value  of  G  lo  an  accuracy.  A',  of 

V  =  (*''"  ^".^r-  t«»  ''^  «.)  10«  (i  +  l+Ji)  per  cent 
tan  d' (tan  D' -  tan  d')    V    ^      r     ^  P^' ^"^• 

where 

8,  =  tan  J)-°  -  tan  I)",    and,    8,  =  tan  d^°  -  tan  <r. 
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Diminished  Deflection  Shunt  Mkthod. 

157.  Tuis  method  is  shown  by  Fig.  69.  The  battery,  r,  whose 

resistance  is   to  be  determined,  is  joined  u})   in  circuit  with  a 
resistanoe,  B,  a  galvanometer,  G,   and  a 

Shunt,  S^;  the  deflection  obtained  is  noted ;  Iio.  on. 

let  this  deflection  be  due  to  a  current  Cj,  r 


then  calling  E  the  electromotive  force  of         I  Ll  'j  L| 

the  battery,  we  have  (page  127)  /  I     i     I 


^'      r(Sj  +  B  +  G)+ai(B+G  •  ( 

or 

C,  r  (S,  +  R  +  G)  +  Ci  Si  (B  +  G)  _  „ 

^g-  J.. 

The  resistance  of  the  shunt  is   now 
reduced  to  Sj*  so  that  the  galvanometer 

deflection  is  also  reduced;  let  this  new  deflection  be  due  to  a 
current  C,,  then  we  have 

C,r(S,  +  R  +  G)  +  C,S,  (R  -f  G)       _ 

g-  =E; 

therefore 

C^rCS^-f  R+G)  +  C^S^CR+G)  ^  Ci  r (Si+R+G)  +  Ci  Sj  (R+G) 

Sa  Si 

that  is, 
r[C,S,(S,+B+G)  -  C,8,(S,+R+G)]  =  Si8,(R+G)  {0,+,), 

from  which  we  get 

r  =  SiS»(B  +  6)^(0,^  C,) 

C,Si(S,  +  R  +  G)  -  Ci  S3  (SVf  R  +  G)' 

or 

,. ^i  ~  ^2 r^n 

^» (i  +  r  +  g)  "  ^'  (i  +  rTg) 

In  the  case  of  a  tangent  galvanometer,  if  the  deflections,  D 
and  d,  are  read  from  the  tangent  scale,  then  we  should  have 

'D-d 


<5  +  BTa)-Ki  +  irTay 


\* 
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(1.)  For  example. 

With  a  tangent  galvanometer  whose  resistance  was  10  ohms 
(G),  and  a  battery  whose  resistance,  r,  was  required,  we  obtained 
with  a  shunt  of  200  ohms  (Si),  a  deflection  of  60  divisions  (D)  on 
the  tangent  scale  of  the  instrument ;  when  the  shunt  woa  reduced 
to  25  ohms  (Sj)  the  deflection  was  reduced  to  20  divisions  (d). 
The  resistance,  R,  was  710  ohms.  What  was  the  resistance  of 
the  battery  ? 

60  -  20  ^^   , 

"^  "         /  1  1  ~\~ /I  1       \  =  ^^''^*- 

^^  \2o  "^  710  +  10  J        ^^  V2OO  "^  710  +  10 J 

If  the  deflections  are  read  in  degrees,  then  in  equation  [B] 
(page  145)  we  must  substitute  tan  D^  and  tan  d^  for  D  and  d 
respectively,  we  then  get 

_  tan  D°  —  tan  d^  pp-. 

' ~  ""'' 'ii  +  bTg)  - *^ ^' (s-,  +  rTg)' 

(2.)  For  example. 

In  a  measurement  similar  to  the  foregoing  the  readings  were 
made  from  the  degrees  scale  of  the  galvanometer,  and  deflections 
of  50°  (D°)  and  21|°  (ci°),  respectively,  were  obtained.  The  values 
of  Si,  Sa,  R,  and  Q  were  200,  25,  655,  and  10  ohms,  respectively. 
"What  was  the  resistance  r,  of  the  battery  ? 

tan  50°  =  1-1918,      tan  21|°  =  -3990. 

therefore 

1-1918  -  -3990  ^^   , 

r  = -^ .    =  OOohms. 

•^^^<25  +  6-55Tlo)  -  ^•^^^K2T0  +  6-5^ 

158.  If  we  make  the  test  by  having  no  shunt  inserted  when 
the  first  deflection  is  observed,  that  is  to  say,  if  we  have  S^  =   00, 

or,  ^  =  0,  then  equation  [B]  becomes 

B^d 


r  = 


V8,  ■*"  R  +  G/      B  +  G 
[and  equation  C] 

tan  D°  -  tan  (T 


[D] 


tanD' 


*^"  ^  a + btg)  - 


[E] 


B+G 
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Further  still,  if  we  make  B  a  very  high  resistance,  that  is,  if 
in  equations  [D]  and  [E]  we  make  ^ jr  =  0,  then  we  get  the 

J*  "T"  vT 

simplifications 

r=S,(^-l)  [F] 

and 

159.  If  we  refer  to  the  "Diminished  defiection  shunt  method" 
of  determining  the  resistance  of  a  "  galvanometer "  we  can  see 
that  equation  [A]  (page  121)  in  that  test  is  almost  precisely 
similar  to  equation  [A]  (page  145)  of  the  present  test,  the  only 

difference  being  that  in  the  latter  we  have  -p    ,  ^^  in  the  place 
of  R»  consequently  we  must  have — 

Beit  CondiiiofM  for  making  the  Teit, 

Make  S^  and  B  as  large  as  possible. 

Make  Sj  of  such  a  value  that  when  the  deflections,  D,  d,  are 
in  diviiicnif  then 

3 

approximately;  and  when  the  deflections   are  in  degrees  on   a 
tangent  galvanometer,  then 

^       -o      tan  D° 
tan(r=-^- 

approximately. 

Possible  Degree  of  Accuracy  attainable. 

If  the  deflections  are  in  divisions,  and  if  we  can  read  their 
value  to  an  accuracy  of  ;^th  of  a  division,  then  we  can  determine 
the  value  of  r  to  an  accuracy,  X!,  of 

*- ^^S^  [' - '  (^  HT-o)]  ^-»'- 

If  the  deflections  are  id   degrees  on   a  tangent   ga\v«.XLOT£^^\.Q;t^ 
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then  if  we  can  read  their  value  to  an  accuracy  of  ^th  of  a  degree^ 
wo  can  determine  the  valae  of  r  to  an  accuracy,  A,  of 


(tanD°83  +  tan<r8i)100  r,    .     /I    .        1      \"1 
tand-(tanD--tanO    [^  "^  'Vs;  +  RTg)J  ^'  ^°'- 


X!  = 

where 

81  =  tan  Di;''  -  tan  D^    and,    8,  =  tan  <il°  -  tan  (T. 

160.  In  all  the  foregoing  tests  it  is  very  necessary  that  the 
galvanometer  used  be  a  highly  sensitive  one  (page  80),  otherwise 
even  a  moderate  degree  of  accuracy  cannot  be  obtained. 
.  161.  Other  methods  of  measuring  the  resistance  of  batteries 
will  be  referred  to  hereafter  (see  Index) ;  these  methods  involve 
principles  which  can  be  more  conveniently  discussed  later  on. 
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CHAPTEE  VII. 

MEA8UBEMENT  OF  THE  ELEGTBOMOTIVE  FORCE  OF 

BATTERIE& 

162.  The  methods  of  measuriDg  or  comparing  the  electro- 
motive forces  of  batteries  are  perhaps  more  numerous  than  any 
other  class  of  measurements. 

Although  no  absolute  standard  of  the  unit  of  electromotive 
force  (the  i^)  exists,  yet  there  are  several  standards  of  known 
value  with  which  comparisons  may  be  made. 

Stakdabd  Cells. 

WIIEATSTONE  STANDARD  CELL. 

163.  This  Consists  of  an  outer  vessel  containing  a  saturated 
solution  of  sulphate  of  copper ;  into  this  is  placed  a  porous  cell 
about  2  inches  high,  containing  mercury  with  a  few  sciaps  of  zinc 
dissolved  in  it ;  a  cylinder  of  copper  is  placed  in  the  copper  solu- 
tion, and  connection  is  made  with  the  zinc  amalgam  by  a  copper- 
wire  dipping  into  it. 

These  cells,  although  not  suitable  for  continued  use,  can  be 
relied  upon  to  give  a  fairly  constant  current  for  half  an  hour 
or  so,  in  fact,  for  quite  a  sufficient  time  to  enable  any  ordinary 
tests  to  be  made ;  also  the  electromotive  forces  of  any  two  of  such 
cells  may  be  relied  upon  as  being  approximately  equal. 

The  porous  tubes  in  these  colls,  after  use,  should  be  thrown 
into  nitric  acid  for  a  short  time,  so  as  to  dissolve  any  copper 
which  may  have  become  deposited  in  their  pores  ;  they  must  next 
be  washed  in  water,  and  will  be  then  ready  for  use  again.  The 
amalgam  can  be  used  over  and  over  again. 

The  electromotive  force  of  a  Wheatstone  cell  is  approximately 
1-079  B. A.  volts. 

POST  OFFICE  STANDARD   CELL. 

164.  A  sectional  view  of  this  cell  is  shown  by  Fig.  70. 

The  cell  is  formed  with  three  chambers;  in  the  right-hand 
one  is  placed  a  copper  plate,  C,  immersed  in  a  solution  of  sulphate 


r 


I 
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of  copper,  and  in  the  left-hand  one  la  placed  a  flat  porous  { 
containing  a  zinc  plate  and  a  semisaturated  eolntion  of  salpMts 
of  ziuc.  The  two  chambers  are  called  "  idle  cells,"  as  the  copper 
plate  and  ihe  porous  pot  and  its  contents  are  kept  in  them  when 
the  cell  is  not  in  use. 

The  centre  chamber  contains  a  solution  of  sulphate  of  copp«r, 
and  crystals  of  the  latter  are  kept  in  a  small  compartment  at  lite 
bottom  to  keep  the  soltitioD  concentrated. 


When  the  l<  11  is  ]i.i)uiiiil  tor  nse,  the  cupper  plate  and  the 
porous  pot  are  rimu\cd  liom  their  respecti\e  idle  compartinenia 
and  are  placed  in  the  uentie  ohambcr  the  cell  is  then  ready  for 
work.  When  the  cell  is  no  lunger  required  the  copper  plats 
and  porous  pot  are  again  replaced  in  their  respectire  idla 
chambers  and  whilst  the  cell  is  at  rest  any  sulphate  of  copper 
which  niBj  ha\e  entered  the  pores  of  the  porous  pet  becomes 
removed  by  the  slow  draining  out  of  the  aulpliatc  of  zinc  solution. 
The  latter  collects  in  the  bottom  of  the  I'Ue  (.haniber,  from  which 
it  is  ocoBBiunally  emptied  the  loss  from  the  porous  cell  being 
made  up  by  tbe  addition  of  fiesh  solution  By  this  means  the 
liquid  iu  the  poious  cell  remains  cleai  and  the  zinc  free  from  any 
deposit  of  Lopjier 

The  porous  cell  is  kept  in  position  and  luieed  above  tlio 
bottom  of  the  idle  chamber  by  euj-ports,  one  of  which,  a,  is  seen 
in  the  figure. 

The  block  h  fisf^d  to  the  cover  prevcnis  the  latter  being  shut 
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down  unless  the  poroDs  cell  and  its  contents  are  Temored  to  the 
idle  eliamlMr. 

When  in  thoronghly  good  condition  thit  form  of  cell  has  an 
electromotive  force  of  1-079  B.A.  Tolta  approximately,  but  if 
it  is  in  daily  nse  the  power  is  practically  a  little  Igbb  than  tliis  ; 
in  the  Postal  Telegraph  Department  the  value  is  assumed  to  be 
1'07  as  being  generally  nearer  the  actual  value. 

Although  the  foregoing  cell  will  last  for  a  considerable  time 
without  attention,  yet  it  must  not  be  imagined  (as  often  Bcems 
to  be  the  case)  that  it  will  keep  up  its  power  for  an  indefinitely 
long  period.  After  a  certain  time,  to  be  judged  by  experience, 
all  its  constitnent  parts  shonld  be  thoroughly  cleaned,  the  zinc 
plate  scraped,  &c. 

165.  The  Wheatstone  and  Post  Office  standard  cells,  althongh 
they  cannot  be  relied  npon  for  extreme  accnracy,  are  sufficiently 
correct  for  most  purposes,  and  they 

hare  the  advantage  (which  is  common  Fia.  71. 

to  all  batteries  on  the  Daniell  prin- 
ciple) of  not  losing  their  power  mate- 
rially when  worked  through  a  low 
resistance. 

Practically,  npon  an  emergency 
any  form  of  Daniell  cell  may  be  used 
as  a  standard,  the  zinc  plate  being 
immersed  in  a  semisaturated  solution 
of  sulphate  of  zinc,  and  the  electro- 
motive force  being  taken  as  1-079 
B.A.  Tults. 

Fleming's  standard  cell. 

166.  This  cell,  devised  by  Dr.  J.  A. 
Fleming,  is  thus  arranged: — 

A  lai^e  U-tube,  about  |  inch  in 
diameter  and  8  inches  long  in  the  limb, 
has  four  side  tnbes  (Fig.  71).  The 
two  top  ones,  A  and  B,  lead  to  two 
reservoirs  Z  and  C,  and  the  bottom 
ones  C  and  D  are  draint^e-tnbes. 
These  side  tabes  are  closed  by  glass 

taps.  The  whole  is  mounted  on  a  vertical  board,  with  a  pair  of 
test-tubes  between  the  limbs.  The  left-hand  reservoir  S  Z  is  filled 
with  a  eolation  of  snlphate  of  zinc,  and  the  right-band  reservoir 
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8  C  with  a  solntioii  of  sulpliate  of  copper.      The  electrodeB 
zinc  and  copper  rods,  Zn  and  Cu,  paused  througli  vulcaniscd-mbbn 
corks,  P  and  Q,  fitting  air-tight,  into  the  onda  of  the  U-tube. 

The  operation  of  filling  is  as  follows : — Open  the  tap  A 
fill  tho  whole  U-tube  with  the  denser  Einc-sulphate  solntii 
then  iiisoi-t  the  zinc  rod  and  fit  it  tightly  by  the  rubber  oort  P. 
Now,  on  opening  the  tap  C  the  level  of  the  liquid  will  begin  U> 
fall  in  the  right-haud  limb  but  Lo  retained  in  tlio  closed  one.  As 
the  level  coiumenceti  tu  t-iuk  in  the  right-hand  limb,  by  opening 
tho  tap  B  copper-sulphate  solution  can  be  allowed  to  flow  in 
gently  to  replaoe  it ;  and  this  operation  can  be  so  conducted  that, 
the  level  of  dumurcation  of  the  two  liquids  remains  quite  sharp, 
and  gradually  sinks  to  the  level  of  tho  tap  C.  ^hen  this  is  the 
c.ise,  all  taps  are  closed  and  the  copper  rod  inserted  in  the  right- 
haud  limb. 

Now  it  is  impossible  to  slop  diHiisiou  from  gradually  mixing 
the  liquids  at  the  surface  of  contact ;  but  whenever  the  sur&cs  of 
contact  ceases  to  be  sharply  defined,  the  mixed  liquid  at  ihe  level 
of  tho  tap  C  can  be  drawn  off,  and  fresh  soliilions  siippUtd  froai 
the  reservoirs  above. 

In  this  way  it  is  possihle  to  maintain  tho  solution  pure  •«'! 
unmixed  round  the  two  electrodes  with  very  little  trouble;  ami 
the  eleotrodcs,  when  not  in  use,  oaii  be  kept  in  the  idle  oella  ur 
test-tubes  L  and  M,  each  in  its  own  solution. 

The  electrodes  arc  made  of  rods  of  tho  purest  sine  and 
copper,  about  4  inches  I'jug  and  J  inch  diameter.  The  sine 
found  most  suitable  is  made  from  zinc  twice  distilled  and  cuat 
into  rods;  the  copper  is  prepared  by  electro-depositing  on  a 
very  fine  copper  wire,  until  a  cylinder  of  the  required  thickness 
is  obtained. 

The  value  of  the  electromotive  force  of  the  cell  depends,  lo  > 
considerable  oxient,  upon  the  density  of  the  sdutions  used.  The 
latter  should  bo  as  follows  :— 

For  the  zind  solution  dissolve  555  griimmcs  of  chemically  p'lro 
sulphate  of  zinc  in  445  grammes  of  distilled  water.  Tliis  sulutioo 
should  have  a  specific  gravity  of  1  -4  at  16^  C. 

For  the  copper  solution  dissolve  83  grammes  of  chemically 
pure  sulphate  of  copper  iu  417  grammes  of  disiillcd  water.  This 
solution  should  have  a  specific  gravity  of  1  ■  1  at  15°  C. 

Especial  care  must  also  be  taken  to  lightly  electrotype  the 
copper  rod  with  a  fresh  pure  surface  of  new  ci>ppcr  tlin  inaruit 
hcforo  using,  This  is  dune  in  the  small  copper  voltameter  which 
the  lube  M  forms,  us-ng  a  single  Ijeclanchc  coll  for  tho  pni 
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Tbe  pore  nuc  rod  should  be  cleaned  with  new  glass-paper.  If 
theec  precantionB  are  carried  out  the  electromotive  force  of  the 
cell  will  be  1-086  B.A.  volts,  which  value  will  be  correct  within  I 

rordinaiy  ntnges  of  temporaturo,  ^^J 

CLAEK's  STANDAKD  CELt,  ^ 

167,  In  this  cell  tho  electromotive  force  is  that  dne  to  pure 
sine  opposed  to  puns  mercury,  the  two  metals  being  in  a  saturated 
solution  of  mercurous  sulphate  and  ztno  sulphate  in  water. 
Actually,  the  mercuiy  is  covered  with  a  paste  formed  of  mercurous 
8al)ihate  in  a  thoroughly  saturated  (not  supersaturated)  solution 
of  zinc  sulphate,  and  tlie  zinc  rests  in  the  paste. 

The  ht'st  method  uf  forming  the  paste  is,  aoeordiDg  to  Lord 
lUyleigh,   as    follows :— -Rub   up    in    a   mortar   150   grammes  of 
uiercuruua  ealphate,  5  grammes  of  ziuc  carbonate,  aud  use  snflieicut 
sine  sulphate  solution  (not  supersaturated)  to  make  a  thick  paste; 
leave  the  whole  in  the  mortar  for  two  or  three  days,  oocaaioiially 
pifunding  it  up  in  order  to  allow  the  carbonic  auhydiide  which 
fi>nti8  Ui  eijcape.      Dr.  A.  Muirhead,  who  lias  had  a  very  length- 
cowl  experience  with  the  Clark  ccUh,  prefera  to  make  the  paste  as 
fuUowa : — A  saturated  solution  of  zinc  and  mercurous  sulphates  is 
jirepared  by  heating  gently  in  tho  saturated  Eolation  of  zino  sul- 
phate a.  portion  of  the  mercurous  sulphate,  adding  thereto  a  little 
free  mercury  to  prewrvo  the  basicity  of  the  mercurous  salt ;  mercu- 
roTw  sulphate  is  then  mised  into  a  paste  with  the  solution  so  pro- 
[nred.      The  mercurous  sulphate  can  be  obtained  oommercially; 
hut  it  may  be  prepared  by  dissolving  pure  mercury  in  excess  in 
hoi  Hulpburic  acid  at  a  temperature  below  boiling-point.       TIio 
^^ftlt,  which   is  a  nearly  insoluble   white  powder,  should  be  well 
^^■nabed  Id   distilled  water,  and    care  should    I^  taken  to  obtain 
^H^ftve  from  the  mercuric   sulphate   (pel sulphate),  tho  presence 
^^f  which  may  \xt  known  bj-  the    mixture  turning  yellowisli  on 
the  addition  of  water.     The  careful  washing  of  the  salt  is  a  matter 
of  caMDtial  importance,  aa  the    presence  of  any  free  acid,  or  ot 
[lemulpbate,  producoM  an  irregularity  in  tho  electromotive  force  of 
'Vthn  cell  for  some  time  after  charging.      Tho  paste  (of  the  con- 
^wlifat«uoo  of  cream)   is   poured  on  to  the  surface  of  the  morcnry 
^nfwhieh  should  have  been  distilled  in  vacuo)  ;    u  piece  of  pure  zinc 
■^W  tiien  misp^ndeil  in  the  past«,  and  the  vessel  sealed  up   with 
inariae  glue  (no(  paraffin  wax).     Contact  willi  tho  mercury  may  bo 
ntulo  by  means  of  a  platinum  wiro  passing  down  a.  glass  tube  and 
Jiliping  below  the  BUrface  of  the  mercury. 
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llUIiLUEADS   UIPKOVED    CLAKK   STAHDXBD  CELL. 

168.  Tlie  usual  furms  of  tlic  Clark  cell,  eepocially  when  ucwir 
Bet  up,  are  iinsuita>ile  for  tiansport ;  the  mercuiy,  being  freo,  is 
aj>t  to  leave  tiio  pUtiuum  wire  contact  when  the  cell  is  inverted 
r  upset,  and  to  fall  tliroiigli  the  poato  into  contact  with  the 
sine  rod,  thereby  either  short-circuiting  the  cell  altogether  or 
,  destroying  the  value  of  its  electromotive  force.  To  remedy  th's 
defect  Dr.  A.  Muirhead  constrnots  the  cell  as  shown  by  Fig.  72. 
A  is  a  flat  closely-wound  spiral  of  platiuuui  wire  (shown  in  plui 


in  the  lower  part  of  the  figure),   which  has  been  coated  or 
uualgamated  with  pure  mercury  either  by  boiling  it  in  the  latter 

I  or  by  dipping  the  spiral,  wlieu  heated  red-liot,  into  mercury  ; 
the  continuation  of  the  wire  is  scaled  into  the  glass  cell,  forming 
the  outer  connection.  Zn  is  a  i<>d  of  pure  zinc  supported  by  a 
cork,  e,  ooTered  with  cement.      Inside  the  cell  is  )ilaoed  the  paste. 

I  p,  composed  of  pure  mercurous  sulphate  and  a  saturated  solution 

,   of  pure  ziiic  sulphate. 

Fig.  73  shows  a  very  compact  and  useful  form  of  this  standard. 
The  four  termiools  belong  to  two  entirely  distinct  cells,  the 
advantage  licing  that  the  two  cells  may  bo  used  as  a  check  one 
upon  the  other.  A  thermometer  witliin  the  bos,  and  the  stem, 
being  bent  at  right  angles,  lies  in  &  groove  across  the  top  of  the 
case.      By  this  thermometer  tho  temperature  ut  the  time  of  the 

i  reading  can  be  ascertuincd. 
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169.  The  eleotromotiye  force  of  the  two  foregoing  standard  cells 
is,  according  to  recent  determinations  by  Lord  Bayleigh,  1*454 
B.A.  Yolts  at  15°  C.  The  effect  of  change  of  temperature  is  to 
change  the  value  of  the  force  about  *077  per  cent,  per  degree  C, 
that  is  to  say,  the  elecfcromotive  force  at  a  temperature  of  f  C.  is 

1-454  {1  -  -00077  (<°-  15)}  volts. 

The  following  table  shows  the  electromotive  force  at  various 
temperatures  calculated  from  the  foregoing  formula : — 


Temp. 

ocr 

1 
B.A.  VolU. 

r 
r 

Temp. 

1    «C. 

1 
RA.  Volte. 

i 
Temp. 

OC. 

B.A.  Volte. 

0 

1-471 

1 
11 

1-458 

22 

1-446 

1 

1-470     1 

12 

1-457 

23 

1-445 

2 

1-469 

13 

1-456 

24 

1-444 

8 

1-467 

14 

1-455 

25 

1-443 

4 

1-466 

15 

1-454 

26 

1-442 

5 

1-465 

16 

1-453 

27 

1-441 

6 

1-464 

17 

1-452 

,     28 

1-439      i 

7 

J -463 

18 

1-451 

29 

1-438 

8 

1-462 

19 

1-450 

30 

1-437 

9 

1-461     ; 

20 

1-448 

31 

1-436 

10 

1-460 

21 

1-447 

32 

1*485 

170.  In  order  that  the  force  in  the  Clark  cells  may  preserve 
its  value,  constant  care  must  be  taken  that  the  cells  are  not 
worked  through  a  low  resistance.  It  is  necessary,  therefore,  in 
employing  them,  to  take  care  that  they  are  only  used  in  circuits 
of  a  very  high  resistance,  or  for  charging  a  condenser,  or  are 
l>alanced  by  a  second  battery,  as  in  Clark's  electromotive  force  test 
(page  189). 

DE  LA  rue's  chloride  OF   SILVER   CELL. 

171.  The  chloride  of  silver  cells  of  Mr.  Warren  de  la  Rue  are 
said  to  be  well  adapted  for  standard  elements.  They  will  bear 
a  considerable  amount  of  agitation  without  their  electromotive 
force  being  varied. 

Fig.  74  shows  one  of  these  cells.  A  is  a  glass  vessel  closed  by 
a  stopper  of  paraffin  wax.  The  positive  element  consists  of  a 
cylindrical  rod  c  of  chemically  pure  zinc.  The  negative  element 
is  a  cylinder  B  of  chloride  of  silver,  having  a  silver  electrode  6, 
cast  into  it.      This  cylinder  is  usually  enclosed  in  a  bag  of  thin 


156 


HAKDBOOK   OP   ELEOTKICAL   TESTING. 


parchment  paper.  The  solation  for  ohargiiig  tlie  cell  ie  mode  by 
dineolving  23  gratumes  of  pure  ealammoniac  in  one  litie  of 
water. 

The  electromotive   forod  of  the  chloride  of 
Fio.  74.  Bilver  celt,  according  to  aomo  careful  determina- 

tions made  by  Mr.  F.  11.  Nalder.  is  1  ■  03  B.  A.  volla. 
Af<  in  the  case  of  Clurk  c^Hh,  the  Be  la  Bue 
biittery  when  used   as   a  standard    must  not  bo 
worked  through  a  low  reaiHtance. 


ELECTROMOTiVE   FoitCE  MsjlSUIlBUENTd. 

'2,  To  measure  the  electromotive  force  o 


hnttery,  we  have  to  corajHire  it  with  a  standard 
iif  one  or  more  cells,  and  having  tliuB  ascertained 
the  relative  values  of  the  two,  the  electromotive 
force  of  the  battery,  in  volts,  is  obtained  by  an 
'/i  tits' ^rt/      ordinary  proportion  aum. 

For  example. 

Tho  relative  electromotis-e  forces  oE  a  battery  and  three 
standard  Daniell  cells  was  found  to  be  as  1  -  25  to  1  ;  what  was 
the  electromotive  force,  in  volta,  of  the  battery  ¥ 

1-25:  1  ::  3  X  l'07i>  ix:  ^^ 

therefore  ^^M 


E<HIAI,  Resispamce  MeTUOF'. 

173.  Let  there  bo  two  batteries,  whoso  eloclromotive  forces  £, 
and  Ej  are  to  be  compared.  Join  up  battery  Ej  with  a  tan- 
gent galvanoinotur  and  resistance  in  simple  circuit,  as  shown  by 
Fig.  64  (page  127),  All  the  plugs  between  A  and  0  being  inscrtod, 
tho  infinity  plug  between  A  and  D  being  removed,  and  the  con- 
nections being  made,  di-'prees  the  right-hand  key,  and  remove  a 
BiiiEcient  number  of  plugs  from  between  D  and  E  to  obtain  a 
convenient  deflection  on,  say,  the  tangent  scale  of  the  galvano- 
meter. Note  this  deflection — let  it  bo  rf,  divisions ;  and  also  not« 
the  total  resistance  (R)  in  circuit — that  is,  the  resistance  between 
T)  and  £,  plus  tho  losistanco  of  the  galvanometer,  plus  the 
resistance  of  the  ba'tery  (which  must  bo  determined  beforehand). 
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Now  remoTO  battery  Ej  and  insert  battery  E,  in  its  place,  and  if 
this  battery  has  a  different  resistance  to  E^  readjust  between  D 
and  £  so  that  total  resistance  in  circuit  is  the  same  as  it  was  at 
first.  Again  note  the  deflection  of  the  galvanometer  needle— let 
it  be  dj  divisions.  Then  if  G^  be  the  current  producing  the 
deflection  if^,  and  Cj  the  current  producing  the  deflection  c?.^,  we 
most  have  by  Ohm's  law  (page  1), 

Cj  =  |i.     and,     C,  =  §. 

therefore 

El :  Ej : :  Ci :  C2, 

or  since  d^  and  d^  are  directly  proportional  to  C^  and  Cj,  we  must 
have 

El :  Ej  ::  d^  :  d^. 

For  example. 

With  a  tangent  galvanometer,  whose  resistance  was  100  ohms, 
and  battery  E^,  whose  resistance  was  70  ohms,  we  obtained, 
with  a  resistance  of  1830  ohms  (total,  100  +  70  +  1830  =  2000), 
in  the  resistance  box,  a  deflection  of  50  divisions  on  the  tangent 
scale  of  the  galvanometer ;  and  with  battery  Ej,  whose  resistance 
was  50  ohms,  we  obtained,  with  a  resistance  of  1850  ohms  (total, 
100  +  50  +  1850  =  2000,  as  before),  in  the  resistance  box,  a 
deflection  of  40  divisions  ;  then 

El  :  E2  : :  50  :  40, 
or  as 

1-25  to  1. 

If  the  deflections  are  read  on  the  degrees  scale  of  the  tangent 
galvanometer,  then  d^  and  dj  Q^^^t  be  the  tangents  of  the 
deflections. 

In  cases  where  the  resistances  of  the  batteries  whose  electro- 
motive forces  are  to  be  compared  are  very  small,  we  may,  by 
using  a  very  high  resistance,  practically  regard  the  total  resist- 
ance in  circuit  as  being  the  same,  whatever  battery  we  use.  The 
deflections  then  obtained  with  any  number  of  different  batteries 
will  represent  their  comparative  electromotive  forces.  The 
galvanometer  will,  in  this  case,  of  course  have  to  be  one  with  a 
high  figure  of  merit  (page  79). 

174.  The  "Best  conditions  for  making  the  test,"  and   the 
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'■Poasihle  degree   of  accuracy  attaiDable,"   aro  almost  olmum; 
they  are 

Best  Conditiom /or  maiing  the  Test. 
Make  the  resistances  in  the  circuits  as  bigli  as  jKissiblo. 

PoMiblc  Degree  of  Aeairacg  attainaJile. 
If  we  can  be  certain  of  the  value  of  the  two  deflections  to   ' 

acciiraciea  of  S'l  and  S'^  per  oont.  respectively,  then  we  can  1 
certain  (if  the  relative  values  of  the  two  electromotive   foroea  to    | 
accnracy  of  S',  +  5'._,  per  cent. 

Equal  Deflation  Metieoh. 
175.  Join  up  ns  in  last  method,  and  having  noted  the  deflec- 
tion and  total  resistance  in  circuit  (R,)  with  battery  E„  remove 
it  and  insert  battery  E,  in  it«  place.  Now  readjust  reeintanoe 
between  D  and  E,  until  the  deflection  of  the  galvanometer  needle 
becomes  the  same  as  it  was  at  first.  Note  the  resistance  in 
circuit  (Bj) ;  then  calling  C  the  current, 

0  =  1;.  „.,  c  =  |;, 

that  is 

E,  r  E,  :  :  R,  :  B^, 

or  the  electromotive  forces   of  the  batteries  are  directly  as  the 
total  resistances  that  aro  in  circuit  with  the  respective  batteries. 

For  examjilc. 

With  a  galvanometer  wb(«e  resistance  was  100  ohms,  and  a 
battery  K,  whose  resistance  was  HO  ohms,  we  obtained,  with  a 
resistance  of  2350  ohms  (total,  100  +  50  +  2.'JfiO  =  2500),  in 
the  resistance  boi,  a  deflection  of  40° ;  and  with  a  battery  E,, 
whose  resistance  was  70  ohms,  it  waa  necessary,  in  order  to  bring 
the  galvanometer  needle  again  to  40°,  to  have  a  resistance  of 
1830  ohms  (total,  100  +  70  +  1830  =  2000),  in  the  resistanoo 
box ;  then 

E|  :  E, : :  2500  :  2000, 
or  in 

.'■.  to  4. 

An  advantage  in  this  test  is  that  it  oan  be  made  with  a  gal- 
vanometer the  relative  values  of  whose  deflections  are  unknown. 


ELEGTROMOTIYE  FORCE  OF  BATTERIES.        159 

The 

Best  Conditions  for  making  the  Test 

and  the 

Possible  Degree  of  Accur<uiy  cUtainahle 

are  the  same  as  in  the  last  test. 

Wie3)emann's  Method. 

176.  In  Fig.  64  (page  127)  join  the  zinc  pole  of  battery  Ej  to 
D,  as  shown,  and  the  other  pole  to  the  zino  pole  of  battery  Ej, 
whoee  other  pole  in  turn  is  to  be  joined  to  C.  Adjust  the  re- 
sistance so  as  to  obtain  a  high  deflection  on  the  tangent  scale  of 
the  galvanometer.     Let  the  current  producing  this  deflection  be 

C;  then 

_  E,  +  E, 

where  R  is  the  total  resistance  in  the  circuit.  Now  reverse 
battery  Ej  (the  weaker  one)  so  that  the  two  batteries  oppose  one 
another — we  shall  then  get  a  smaller  deflection  due  to  a  current 

C,;  then 

Et  -Eg 

From  these  two  equations  we  get 

that  is, 

E,  :  E,  : :  C  +  C,  :  C  -  C,, 

or,  substituting  deflections  d,  d,^  for  current  strengths  C,  C^, 

El  :  Ej  :  :  el  +  <^,  :  ^  -  </,. 

For  example. 

Two  batteries  Ei  and  Ej  being  joined  up  together  in  simple 
circuit,  we  obtained,  by  adjusting  the  resistance  in  the  resistance 
box,  a  deflection  of  72  divisions  (d)  on  the  tangent  scale  of  the 
galvanometer;  and  with  the  same  resistance  in  circuit  we 
obtained,  on  reversing  battery  Eg,  a  deflection  of  8  divisions  (d) ; 
then 

El  :  Ejj  : :  72  +  8  :  72  -  8, 

::      80      :      64, 
or  as 

1-25  to  1. 
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If  tlie  (leflectionB  aro  read  on  the  degrees  Bcule  of  a  lu 
galvanometer,  thun  d  aud  d^  m»8t  bo  tho  tangentt  of  tha  defiectionn. 

177.  In  order  to  make  tiio  test  as  acoiiratoly  as  jioaeible  under 
the  last  cuiiditiuns,  the  resistance  in  the  circuit  should  lie  eo 
adjusted  that  tho  two  deflectioua  make  approximately  eqnal 
angles  on  opposite  sides  of  45°  (§  35,  page  29).  Thg  more  re- 
sistance it  is  possible  to  place  in  the  oironit  of  the  batteries  tlio 
better,  sioco  the  tendency  of  the  latter  to  polarise  is  thereby 
reduced  to  a  minimum. 

178.  ^Viedemann's  method  is  a  very  satisfactory  ona  since  it 
is  absolutely  independent  of  the  resistance  of  the  two  batteries, 
thus  one  battery  might  have  a  resistance  of  a  fraction  of  an  ohm 
only  and  the  other  a  resiatanoo  of  several  thousand  ohms,  yet 
this  would  in  no  way  affect  the  con-ectnesa  of  the  results,  but  to 
avoid  errors  due  to  polarisation  it  is  necessary  with  some  batteries 
to  include  several  thousand  ohms  in  the  circuit ;  if  the  galvano- 
meter used  be  one  with  a  high  figure  of  merit  (page  I'J)  this  can 
always  be  done. 

170.  TbQ  "PoBsible  degree  of  accarscj  attainablii "  in  tiiakiog  the  leit  ii 
greatly  dependent  upun  Ibe  relative  valaea  of  the  twa  electromotive  foRMi.  Let 
tu  flret  BuppoBu  Ihnt  the  deQeotionB  &re  reftd  in  divitiemt,  and  let  ua  sappaie  thnt 
there  ia  a  poniblo  error  S  in  bntb  duflectiona.  Now  if  we  take  botb  errore  to  Iw 
□f  limilar  signs,  tlieu  vc  Bbould  have  a  lotal  absolute  error  of  2 1  in  the  quantity 
id  +  d,},  but  if  one  error  were  plua  snd  tlie  other  mltiua,  then  we  ehouLI  have  r 
tot»l  absolute  error  of  2  J  iu  the  qnaotit;  (d  —  li,).  But  the  latter  qiuntitr  muit 
be  ematler  Iban  id  +  d,),  therefore  bh  absolute  error  2  3  lu  its  riilue  mu.*l 
lopreiient  a  greater  perteutHge  error  iu  the  relative  values  of  E,  and  E,  than 
would  be  tbe  case  if  the  eniue  absolute  error  were  iu  (d  +  d,).  As  we  must  BHuinn 
tho  resultant  error  to  be  the  greatest  poaOiU,  we  must  therefore  take  the  error  3  S 
to  be  in  Ihe  quantity  (ri  —  d,). 

Let,  then,  X  be  Ibe  error  in  the  relative  values  of  E,  and  E„  that  is  in  ^ 

caused  bj,  »j,  au  error  1  in  d,  and  an  error  —  8  in  d^  t''^''  "■*  have  

E,  _        (d  +  »)  +  id,  -  8)  ^      d  +  d, 
E,  (d  +  «)  -  (d.  -  8) 


-  d, +  2  8' 


K  = 


E, 


2  8  (d  +  d,) 


id  +  d.)  id-d.  +  i  !)' 
Di  eiuio  2  8  is  very  suinll  wo  may  say 

_  2  « id  +  d.) 

~id'd.y  ■ 

If  we  put  the  percentage  for  the  abooluto  value  of  a,  that  is,  if  we  bare 

■lor ¥■.,-!.   ■■  ■ 


"  100 


100 


-  d' 
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JbrMnyfaL 

hk  the  aasple  gifw  oo  pige  169  the  defleotjani  eoald  esoh  be  leed  to  an 
of  i  of  a  dlTidon;  wluit  was  the  d^pree  of  aoooraej  with  which 


the  ?doe  of  fs- ooBld  be  detnmined? 


Va— i— — s '78  per  cent 


If  <  if  «mII  eiwpeied  with  d,  then 

^       d- 


We  en  eee  flpom  equation  [A]  that  nnkas  d,  is  amall  oonqMuced  with  d,  the  aoen- 
ntBf  with  wiileh  tiie  teat  ean  be  made  wOl  be  but  amall;  for  if  d,  approaches  in 
vafaM  to  df  then  d  —  d,  beeooiea  mj  soiaU,  that  is  x'  becomea  large.  la  order 
that  d,  may  be  aa  modi  amaUor  than  d  as  poflBible»  E|  and  E,  mnst  be  as  nearly 
efoai  as  poaribia;  the  test  theiefoie  will  not  be  a  satis&ctoiy  one  unless  sach  is 
theeaM. 

If  d.  la  amU  oonpaied  with  d,  then 

_2«100 

cr  if  we  pat  the  peraentage  instead  of  the  abeolote  yaltie  of  9,  that  is  if  wo  have 

9  s  —  ofd. 
100     ^ 

thawegat 

10  thai  vnder  the  best  oonditions  for  making  the  test  the  accnraoy  with  wbich 
the  falne  of  =^  ooold  be  detenninod  would  bo  but  one-half  the  accnraoy  with 

whkh  the  hig^  deflection  oonld  be  observed. 

180.  To  detennine  the  degree  of  accuracy  attainable  in  the  case  where  the 

leadiogi  aro  made  fnm  the  degree$  scale  of  a  tangent  galTanometer,  we  must  in 

the  preoeding  investigation  substitute  tangents  for  divisions  of  deflections.    Thus 

we  have 

Bi         _  tan(dQ  +  9^)  +  tan(d,Q  +  g^) 
1^  ""  ^  -  tan(d°+  8*0  -  tan(rf,o  +  j^)' 

cr 

tand^_+tond,<'      ton  (d°  +  ««>)jf  tan  (d,°  -  ^) 

^  =  tend"- tan  d,o'  ""  tan(d°  +"0  -  tan(d,<>  -  «*>)' 

If  in  thii  eq[imtloii  we  put 

^  —>     «*.     tan  d  +  tan  8® 
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vihere  X  ami  Y  arc  a  numbor  of  factara  of  tatt  1°.   But  liuce  tan  f  ia  Terj 
we  miiy  put  X  aud  Y  t^i^aal  to  0,  la  wbioU  tosa  ne  have 

_  21.111  8°  (110(1°  +  tanQ      1  +  UmT  tan  J," 
^  ~       '  tail  (P  -  tun  d,^  tan  d°  —  tan  d° 

_  2  tan  J^  (tan  d"  +  tan  ti,°)      _^  1 

~  taii  tP  -  Un  d,""         ^iaJHd?~d°y 

If  1TC  put  Uie  porouutage  far  the  abaolate  value  of  A,  that  is,  if  wo  liaTO 

a'        E,  _   K'        tBUd°  +  tand,° 


itan  i°IOQ 


[B] 
mu  1.U    - u-f 

For  emmph. 

In  comporiog  the  electromotive  forces  of  two  battoiiea  bf  WiedemnDD'a 
method,  tho  daflectioiu  oblniued  on  the  degreet  scste  of  a  tangeut  gnlvanomelCT 
wens  71°  and  18°  respeetivi-ly ;  whut  were  tlie  rdalivo  olaclrumotiTe  fon«*  of 
the  btitturioi,  and  what  would  have  beeu  the  dugrcs  of  aoouisoy  with  which  tl 

value  of -^  could  bedetcimiued?    The  value  of  the  defleotious  could  be 
an  accoiacj  of  1°. 

E, :  E, : :  tau  71=  +  tan  18=  :  ton  71=  -  tan  li 
or  as 

2'!)0i2  4- -3249    to    2-9(«2  -  ■8249, 

1-25    to    1; 
,      2  K  tan  i=  X  100      2  X  •4868 

^  =    tau  (71°  -  1B°)  =  Tsm     =  ''^  ^'  °'- 
Like  equation  [A]  (page  161),  eqaatioo  [B]  ehona  that  uii1e«  d°  U  small  oom- 
patfd  with  d^,  Ibo  teat  caunot  be  made  with  a  high  degree  of  accuraej,        ^^^ 
To  sum  up,  then,  wo  have  ^^^H 

Best  Conditions  for  maiing  the  Teal.  ^^^M 

181.  To  obtain  Batiafaotory  reBTilta,  B,  and  Eg   eboald  bo  u 

nearly  as  possible  equal. 

As    mucli  lusktaQce  should  bo   included  in  the   oircoit  aa 

possible. 

If  llie  readings  aro  made  on  tho  degrees  scale  of  a    tangent 

g&lvauometer,  then  the  reBlstanoe  in  drouit   ehould   be   bo  ad- 


lieh  th* 

i 
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justed  that  the  defleotrons,  as  nearly  as.  poesible,  make  equal 
angles  on  opposite  sides  of  45°  (§  35,  page  29). 

PoMtbZe  Degree  ofAccurcuiy  attainable. 
When  the  readings  are  in  divitiona^  then 


Percentage  of  accuracy  = 


^100 
d^d. 


where  ^  is  the  smallest  fraction  of  a  division  to  which  the  de- 
flections can  be  read. 

When  the  readings  are  in  degrees  on  a  tangent  galvanometer, 
then 

2  tan  i°  100 


Percentage  of  accuracy  = 


tan  (d°  -  d;) 


where  ^  is  the  smallest  fraction  of  a  degree  to  which  the  deflec- 
tions can  be  read. 

Eemfs's  Method. 

182.  This  is  merely  a  particular  way  of  carrying  out 
Wiedemann's  method,  and  is  useful  when  very  small  diflerences 
of  electromotiYe  force  have  to  be  measured. 


Fio.  76. 


s 


The  cells  to  be  compared  are  first  joined  up  in  opposition,  as 
shown  by  Fig.  75,  through  a  Thomson  galvanometer,  g,  and  the 
deflection,  d^,  which  is  due  to  the  difference  in  force  between  the 
two  cells,  is  noted.  One  of  the  cells,  say  E^,  is  now  reversed 
(Fig.  76),  and,  in  order  to  keep  the  deflection  within  the  range  of 
the  scale,  the  galvanometer,  g,  is  shunted  with  a  Bhunt^  s^  ^  q^tcv' 
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sseary  to      ^ 


penBating  resiatance  (§  82,  page  84)  r,  of  the  value  nooeseary  t 
keep  the  resiatance  of  the  circuit  aoaltered,  lieing  inserted  at  the 
same  time;  the  deflection  d,  is  then  noted,  and  wo  hare 

Ej       nd  -rf/  *-    -" 

where  n  is  the  multiplying  power  of  the  shunt. 

The  great  point  in  this  method  of  testing  is  the  high  degree  of 
accuracy  with  which  the  relative  values  of  E,  and  Eg  (when  they 
do  not  differ  materially),  can  be  determined. 


For  example. 

Supposing  the  deflection  obtained  in  the  caae  of  Fig.  75,  to 
1  division  and  in  the  case  of  Fig.  70,  to  be  200  x  1000  =  200,000 
(a  result  which  would  be  obtained  with  a  galvanometer  of  5000 
ohms  resistance  if  the  adjustment  of  the  instrument  were  such 

that  one  cell  through  10,000  ohms  with  the  shunt  cave 

60  divisions),  then 

E,       200,000  - 1  ' 


000     1 


H 


i.  e.  a  difference  of  1  in  100.000. 

It  might  bo  objected  that  when  the  cells  are  joined  np  as  shown 
by  Fig.  76,  their  electromotive  forces  would  run  down,  this,  how- 
ever, is  not  of  material  conseqaence  (even  if  it  could  take  place  to 
any  marked  extent  with  a  galvanometer  which  has  a  resistance 
of  5000  ohms  or  more),  for  a  fall  in  foroe  of  say  one  per  cent,  under 
these  conditions  would  only  mean  an  error  of  one  per  cent,  in  the 
value  which  in  the  above  example  is  expressed  by  •  00001,  and  not 
that  percentage  of  error  in  the  value  expressed  by  1  ■  00001 . 

As  the  chief  value  of  the  method  is  lo  del«nuiae  small 
differences  of  force,  we  may  simplify  equation  [A]  In  the  following 
manner: — 

Since  [A]  ia  derived  from  the  equation 

Ei+E,  ~  nd' 

and  sinco  E,  and  Ej  are  very  nearly  equal,  bo  that  in  the  denoni- 
nator  of  the  fraction  we  may  put  E,  =  Eg,  therefore  we  got 
E,  ~E,       d, 
2Ea     ~  nd' 


not  JH 
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therefore 


tberefore 


Ei-E,_2d, 


?1  _  1  _  2^' 
Ej  ni' 

that  is. 

Or,  if  we  prefer  to  express  the  dififerenoe  as  a  percentage^  then 
wehaye 

-  J  =  77^  of  1, 

n  a      100 
or 

«.      200(1, 
nd    ' 

thus  in  the  example  taken,  the  percentage  of  difference  between 
the  two  cells  would  be 

200  X  1 

"'^    200;600==^^^*P®'''^''*• 
WHEATSTONE'S  Method. 

183.  The  most  elegant  method  of  comparing  the  electromotive 
forces  of  batteries  is  that  of  the  late  Sir  Charles  Wheatstone. 

Battery  Ej  is  joined  np  in  simple  circuit  with  a  galvanometer 
and  a  resistance ;  a  deflection  of  a°  is  obtained.  The  resistance  is 
now  increased  by  pi,  so  that  a  new  deflection,  ^,  is  produced. 

Battery  E^  is  next  joined  up  in  the  place  of  E,,  and  the  re- 
sistance in  circuit  is  adjusted  until  the  deflection  obtained  is  a°, 
as  at  first.  The  resistance  is  now  increased  by  pg,  so  that  the 
deflection  is  reduced  to  j3°,  as  in  the  first  instance. 

Now  from  the  "Equal  resistance  method"  (page  156),  we  see 
that  the  total  resistances,  B^  and  Bg,  in  circuit,  which  were 
required  in  the  two  cases  to  bring  the  deflections  to  a°,  must  be 
in  direct  proportion  to  the  electromotive  forces,  Ej,  E^,  of  the  two 
batteries.  Also  the  total  resistances,  B|  +  Pi,  and  B^  +  Pa*  in 
circuit  which  were  required  in  the  two  cases  to  bring  the  deflec- 
tions to  /3°,  must  be  in  direct  proportion  to  the  electromotive 
forces.  El,  Eg. 

We  therefore  have 

El  :  Ea  : :  Bi  :  Bj, 
or 

Ej  Bj  =  Eg  Bp 
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E,  :E,  :;U,  +  i>,  ;R,+  r-:. 
El  n,  +  El  Ta  =  Ej  E,  +  Ej  p,  =  E,  Rj  +  E,  p,  j 
that  is 

E,  p,  =  E,  p,. 

or 

E,  :  Ej  : :  p,  :  p,. 

In  fact,  the  electromotive  forces  of  the  batteries  are  directly 
proportional  to  the  added  rosistances  which,  in  both  casea,  were 
reijnired  to  bring  the  doflections  of  tho  galvanometer  needle  from 
a"  down  to  ^. 

For  example. 

"With  a  galvanometer  and  battery  E,  wo  obtained,  with  a 
reeistance  of  1950  ohma  in  the  roBistance  box,  a  de6eotIon  of  54", 
and  by  adding  2000  ohms  (p,),  a  deflection  of  34°.  Batf«ry  Ej 
being  inserted  in  the  place  of  E,,  a  resistance  of  1650  obma  was 
inserted  in  the  resistance  box,  which  brought  the  galvanometer 
needle  to  64"  &a  at  first,  and  by  adding  IfiOO  ohms  (p,),  ^^^ 
defiection  was  reduced  to  34°  as  in  the  first  inatanoe  ;  then  ^^M 
Ej  :E;,  :  :  2000:  1600,  ^H 

or  as  ^1 

l-25tol. 

1S4.  In  this  and  tho  preceding  tests  we  have  supposed  th&t 
the  olectromotivo  forces  of  any  two  batteries  were  being  uomparod, 
but  it  ranst  lie  evident  Ihat  by  noting  iho  deflectiona,  resistances 
added,  tie,  as  the  case  may  be,  with  any  number  of  Itatteries. 
their  eleclromotivo  forces  may  all  be  compared. 

185.  Wo  will  nov  proceed  to  detcnninG  tho  "  BoeI  conditiooe  for  mnking  tlio 
foregoing  toaL" 

Ttioru  are  two  pointa  to  be  deleTmine<1 ;  (trst,  vhnt  ehniiM  be  tbo  rMLBtiineed 
in  circuit  wbon  obaerrins  tho  first  dtfletlions,  and  second,  what  propnrtion  ehonld 
t!io  luid^il  reBJBtaDcoa  bcai  to  tbo  orit;[nBl  resisliiiicca  ? 

When  the  test  is  exeeateil,  tlicro  are  Iwo  or  more  sots  of  obeervntions  made, 
viz.  ono  for  each  batter;.  Bnt  it  will  be  fonnd,  on  pxauiinntioD,  that  tbo  pro- 
portion betireen  the  clootromotiTe  furcea,  the  original  rpaialancea,  and  tbo  added 
neriatancea,  i»  tho  aame  for  every  set ;  oonaequcutlj,  wo  hare  oqIj  to  dolemina 
wbat  relalive  values  theao  quantitioa  abonld  bare  in  nnj  ono  aet.  tbon  Uiuao  in 
tlio  othera  will  be  iu  the  Kiino  proporlinn. 

It  will  be  cnuvenient  lo  cdiiaidor  flrat  whfit  proportion  llio  added  reftialanoe 
ibonld  bear  to  ttio  original  resiatanoe.  For  tliia  purpoao  wo  will  Eappoie  ft,  to 
bo  tho  formcT  rcHiBtance. 

Now  p^  roproeenta  tbo  electromotivo  force  of  the  bfttter^,  and  therefora  iu 
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order  that  the  test  may  be  made  as  accurately  as  possible,  it  is  necessary  that  we 
shoald  be  able  to  adjust  or  determine  the  value  of  pi  as  accurately  as  possible. 
In  ocder  to  obtain  the  required  value  of  p„  we  first  adjust  R|  so  as  to  obtain  the 
deflection  c^,  and  then  we  increase  R|  by  p,  so  as  to  obtain  the  deflection  fi? ; 
consequently,  the  aoouracy  with  which  we  can  obtain  p,  must  be  dependent  upon 
the  aoouraey  with  which  we  can  read  both  the  deflections,  aP  and  ^, 
Let,  then,  the  first  deflection  (a°)  be  due  to  a  current,  Cj,  then  we  have 

E 
Ci  =  g- »    or,    C,  R,  =  E,. 

When  the  current  is  reduced  to  C,  by  the  addition  of  pp  then  we  get 

C,  =  — ^,    or,    C,R»  +  C,p,  =  E,: 

therefore 

Ci  Rj  +  O2  Pi  =  Cj  Ri, 

Now  this  equation  is  identical  with  equation  [F]  (page  123)  in  the  <*  Diminished 
deflection  shunt  method**  of  determining  the  resistance  of  a  galvanometer;  con- 
sequently, we  can  see  from  the  investigations  there  given,  that  pi  would  be  most 
accurately  obtained  if 

»       3 
approximately ;  but  when  this  is  the  case 


„  =  B,(|-). 


=  2R,; 

that  is  to  say,  the  added  resisiince  should  be  about  double  the  original  re- 
sistance. 

Aa  regards  the  "Possible  degree  of  accuracy  attainable,"  we  can  see  from 
<  qnntion  [H]  (page  123)  in  the  test  before  referred  to,  that  the  percentage  of 
aecuncy,  x',  attainable  must  be 

^  "      C,(C.-C,)      P®'^^"^- 

As  it  is  the  relative  electromotivo  forces  of  iico  batteries  which  have  to  be 

E 
determine],  that  is  to  say,  the  value  of  =-^^  the  percentage  of  accuracy  with  which 

the  test  can  be  made  will  be  double  the  above. 

As  regards  the  value  for  the  original  resistance  there  is  little  to  be  said.  It 
does  not  affect  the  accuracy  of  the  test,  except  in  so  far  as  the  power  of  adjust- 
ment is  concerned ;  this  is  evidently  made  as  favourable  as  possible  by  making 
the  reeistanoe  as  high  as  conyenient. 

We  must  have  therefore 


♦  The  expression  1 1  +  G  (  ^  +  ^  j  I  in  the  equation  referred  to  [H]  (page  123) 

becomes  equal  to  1  when  8,  and  R  are  very  high ;  this  must  be  the  case  when 
equation  [b]  (page  121)  becomes  simplifled  into  equation  [F]  (page  123). 
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Beit  Conditione /or  making  Ihe  Tett. 

186.  When  making  the  observations   with  the  first  battery, 

make  ths  original  reaiBtance  as  high  as  convenient,  and  make  thB 

added  reaiistance  us  nearly  as  poMiblo  double  this. 

Potsible  Degree  of  Accuracy  aUainablt, 
When  the  readings  are  in  divisions,  then 

i  (D  -  d)  200 


Percentage  of  accuracy  =  - 


d(D-d) 


where  ^  '^   ^^^  Bmallest  fraction   of  a  division   to  whioh   the 
dofleotions  can  be  read. 

If  the  deflections  are  in  degrees  on  a  tangent  galvanometer, 
then  if  we  can  read  their  values  to  an  accuracy  of  ^th  of  a  degree, 
we  have 

,  (tan  D°  8,  + tan  tr  §0  200      ^1 

Porcentago  of  accuracy  =  -j^-^^^^^o  _  ^^  ^      M 

where  ^^P 

Si  =  tan  pi"  -  tan  D°,    and,    8a  =  tan  d-"  -  tan  d°. 

187.  Wheatstone's  test  can  be  made  with  any  form  of  galva- 
nometer, as  it  is  not  necessary  that  the  values  of  the  doflcctions 
in  terms  of  the  currents  producing  them  be  known,  except  for  the 
determination  of  the  "  Percentage  of  accuracy  attainable."  If, 
however,  the  galvanometer  be  "calibrated"  (page  40),  this  per- 
cent^e  can  be  dotorminod. 

LuMSDEs's  OR  LACoiNfc'a  Method.* 

188.  This  is  an  excellent  method  of  delormining  tlie  cou- 
panitivo  electromotive  forces  of  batteries.  The  principle  of  the 
arrangement  is  shown  by  Fig.  77. 


First  JBethod. 


ipoffll^^ 


The  two  batteries  E,,  E^  are  joined  up  with  their  op] 
poles   connected    together,   and    with  resistances   R,  p  in  their 

'  Tbis  method  whb  drrised  bj  Mr.  D.  Lumulen  (Postal  Telegraph  SubmariDO 
BuperintendeDt)  ia  1BG9,  but  (bo  llret  deecriptioD  of  the  eame  appoara  to  bave  bc^a 

Sublubed  hy  U.  Emile  Lacouie  (Tcclinical  Director  of  tho  OltombQ  Telogmpha) 
I  Ibe 'Journal  T^I^enphique  of  Berne' for  Jauuary  25tb,  1873,  that  irentlemau 
biTing  deriacil  it  indoprndenti;  n!  tli.  Lumadcu, 
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oircnit.  A  galyanometer  g  is  connected  between  the  points  A,  B. 
One  of  the  resistances,  say  p,  being  fixed,  the  other  B,  is  adjusted 
until  no  deflection  is  observed  on  the  galvanometer.  When  this  is 
the  case  we  get  the  proportion 


El  ^  E 
Ba       p' 

Fio.  77. 


VJliiJ 


SM. 


S, 


smsisSLy 


B 

The  deflection,  it  should  be  remarked,  will  be  in  one  direction 
if  B  is  too  large,  and  in  the  opposite  direction  if  B  is  too  small. 

189.  In  order  to  understand  why  this  is  the  case,  let  us 
examine  the  theory  of  the  method;  this  may  be  explained  by 
the  help  of  KirchoflTs  two  laws,*  viz. : — 

1.  The  algehraical  mm  of  the  current  strengths  in  all  the  wires 
which  meet  in  a  point  is  equal  to  nothing. 

2.  The  algebraiccU  sum  of  all  the  products  of  the  current  strengths 
and  resistances  in  all  the  wires  forming  an  enclosed  figure,  equals  the 
algebraical  sum  of  aU  the  electromotive  forces  in  the  circuit. 

190.  Supposing,  at  first,  equilibrium  not  to  be  produced,  then 
we  have  the  following  equations  connecting  the  various  current 
strengths,  resistances,  and  electromotive  forces  : — 

Cj  —  c  —  Cg  =  0.  [1] 

Eci  +  ^c-Ei  =  0.  [2] 

p  Cj,  -  ^  c  -  Ea  =  0.  [3] 

From  equation  [1]  we  get,  c^  =  c  +  C2; 

therefore 

E(c  +  C2)  +  S'c- El  =  0. 

From  equation  [3]  we  get 

_E3+(/C. 


*  For  the  proof  of  tbeee  laws  soe  Chapter  XXVII. 
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a  this  equatio 


«heii 


P  E,  -  R  E, 

■  9(R  +  P)  +  Iip' 


E,  _  II 

E^  ~   (.  • 

E,  :  E, : ;  R  :  p. 
Iftl,  I*t  MB  ponaider  what  ore  tlie  ■'Best  condiliona  tor  mailing  llie  le«l," 
TPhot  we  have  lo  determino  ia,  what  are  the  best  Tdlooa  to  giVB  to  R  nnd  p? 
Now,  eince  E,  and  E,  are  definite  quantities,  the  value  tjiven  to  I!  (aapposiug 
this  to  be  Ilia  adjustable  resiatanee)  will  bo  detenniiied  by  tba  value  given  to  p ; 
tborefure  determine  the  volae  to  give  ta  tiie  Ltlter. 
The  BTcatur  llie  sccuraey  with  whicb  we  can  adjust  R,lbe  gfeater  will  be  the 

iraej  with  which  wecandetenniDe the  Talaeof^,  tliat  is,tba  relative  valaea 

of  E,  and  E,.  But  the  accuracy  with  whiob  we  can  adjust  R  depend*  upon 
its  ran^  of  adjuBtrucnt  being  m  grcAt  na  poteible,  and  this  Dan  only  be  the  onae 
when  it  has  hs  high  a  value  aa  poaeiljle.  Thus,  if  R  were  100  nuits,  icn  eould 
only  ddjuBt  it  to  an  accnrocj  of  1  unit  in  100,  or  1  per  cent. ;  but  if  R  were 
10,000,  then  1  unit  in  10,0(10  reprcsenU  an  nrljuatment  of  yl^  per  cent.  But  il  is 
no  UHC  niHkiag  R  10,000,  unleas  a  ehange  of  I  unit  in  ils  vhIqo  produces  a  jicr- 
c^tible  deflcctian  of  the  galvanometer  needle. 

The  best  value  tbeiefore  to  give  to  R  i$  the  higktit  aae  in  aJiieh  a  ehaitgr  of  1 
unit  from  iti  correct  value  produrei  a  pereeptfbU  liefitelion  of  the  giilvanomrter 
needle.  Since  R  i*  dependent  upon  the  viilue  given  to  p.  whiit  we  reqniro  lo 
Icnow  is  the  higbuat  value  ta  give  lu  the  latter  qnnntit;. 

Equation  [4]  ahoKi  the  current,  e,  obtnined  through  the  galvanometer  when 
eqailibrium  in  not  prodneed.  If  in  this  cquution  wo  put  It  —  1  in  the  numerwor 
"  of  B  aud  then  put 


I  of     E; 


I  ve  shall  get  the  eurrcnt  corresponding  to  the  change  of  1  unit  ii 
I  Tolue  of  R,.    Thns 

_pE,  -(R-ljE, E,_ 

"-   s(R  +  p)  +  Hp   ~„      " 


EE,= 


pE, 


O  +  x' 


°'"*K-t)+'r 
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or 


W' +!)+'']+&  ^' 


Practioally,  the  minimum  readable  deflection  of  a  Thomson  galvanometer 
(which  is  the  best  to  employ  in  a  test  of  this  kind)  is  one  division,  and  the 
carrent  piodacing  this  deflection  is  ihe  figure  of  merit  of  the  instrument  (page 
79).  If,  therefore,  in  the  last  equation  we  put  for  0  the  figure  of  merit  of 
the  galvanometer,  we  can  determine  the  highest  value  which  can  be  given  to  p, 
Ei  and  E,  both  being  in  volU, 

If  we  wish  to  get  the  exact  value  of  p,  we  can  do  so  by  solving  the  quadratic 
equation ;  but,  praetioally,  we  only  require  to  get  a  rough  idea  of  what  the  value 
of  p  may  be,  and  this  we  may  obtain  by  giving  different  values  to  p,  and  trying 
which  of  them  nearly  satisfies  the  equation. 

For  example. 

Two  batteries,  whose  electromotive  forces  E^  and  E,  were  known  to  be 
of  the  approximate  values  of  2 : 1  (E,  being  1  volt),  wore  to  be  tested  by  the 
foregoing  method  with  a  Thomson  galvanometer  whose  resistance  was  5000  ohms 
(g)  and  figure  of  merit  '000,000,001.  What  was  the  highest  value  that  could  be 
given  to  p? 

or 

p  [7500  +  p]  =  500.000,000. 

From  this  we  can  see  that  if  we  make  p  =  19,000  we  ehall  be  very  nearly  right, 
for 

19^000  £7500  +  19,000]  =  503,500,000. 

With  this  Viilue  of  p,  the  value  whioli  R  would  have  when  adjusted,  would  be 


R  =  p  fi  =  19,000  X  r  =  38,000, 

Jiif  1 


and  with  this  value  we  could  obtain  a  degree  of  accuracy  equal  to 

5^135X100=    0026  per  cent 

Having  then  ascertained  the  value  to  give  to  p,  suppose  we  actually  made 
it  19,000,  and  further,  we  found  that  in  order  to  get  equilibrium  ns  neirly 
as  possible,  we  had  to  adjust  R  to  36,250  ohms,  then  the  relative  values  of  Ej 
and  £,  would  be 

E,  :  E,  : :  36,250  :  19,000, 
or  as 

1-9089  to  1, 

and  we  know  this  is  ooireot  within  *0026  per  cent. 

From  equation  [A]  (page  170)  we  can  see  that  0  is  greatest  when  E,  is 
larger  than  Ej.  It  is  therefore  best  to  so  arrange  the  test  that  the  resistance  to 
be  adjusted  is  the  one  in  circuit  with  the  strongest  of  the  two  batteries.  Also  we 
can  see  that  the  more  the  batteries  differ  in  electromotive  force  the  better,  as  the 
greater  will  be  the  value  of  p. 


\ 


1 
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Second  Method. 

192.  If  the  batteries  consiBt  of  a  great  numT»r  of  ccUa  of  high 
reelstanoe,  aud  oIbd,  if  the  galvanometer  be  not  a  highly  sensitive 
one,  and  consequently  K  and  p  have  to  be  proportionately  aiunll, 
then  wo  cannot  ignore  (aa  in  tlie  previoas  test)  the  rosietancee  of 
the  batteries,  and  these  must  either  bo  added  on  to  R  and  p  or 
eliminated  in  the  following  manner. 

Sappoao  the  resiBtancea  of  E^  and  Ej  to  be  r,  and  r,  reepeo- 
tively,  then,  when  equilibrium  is  produced,  we  have 

E, :  Bj :  :  E  +  ri  :  p  +  Tj, 
or 

El  rj  -  Ej  r,  =  E,  B  -  Ej  p.  [1] 

Now  if  we  decrease  p  to  pi,  and  again  obtain  balance  by  decroaaing 
R  to  El,  we  get  a  second  proportion,  viz.— 

El  rj  -  E,  r,  =  Ej  Rj  -  E,  p,.  [2] 

By  subtracting  [2]  from  [1]  wo  get 

Ej  R  -  E,j  E,  -  El  p  +  El  p,  =  0, 


E,CB-B,)=Ei(p-p,); 

E,  ^  E  ^, 

E,        p  -  p,  ■ 


[A] 


I 


E,  lEjiiR-B,  :p-p„ 
a  proportion  in  which  differenoes  of  resistance  alono  appear.     In 
fact   (K  —  lEi)  and   (p  —  p,)  are  merely  the  rosistanoes  wo  Bub- 
tracted  from  B  and  p,  in  order  to  got  equilibrium  a  second  time. 

For  escample. 

Two  batteries  whose  eleciromotive  forces  Ei  and  Ej  were  to  be 
compared,  were  joined  up  in  circuit  with  a  galvanometer  and  two 
resistances,  as  shown  by  Fig.  77,  the  rEsistance  p  being  500  ohms ; 
in  order  to  obtain  equilibrium  B  was  adjusted  to  1 050  ohms  ;  p  was 
then  decreased  to  300  ohms  (p,),  and  in  order  to  again  obtain 
equilibrium,  R  had  to  be  reduced  to  030  ohms  (Ei).  What  were 
the  comparative  electromotive  forces  of  the  batteries  ? 

IE,  :  Ej  :  :  1050  -  630  :  500  -  300 
■ 


01  aa 

21  to  1. 
133.  What  are  the  b«it  vftlue*  to  give  la  R,  and  pi,  or  r»Uior  to  p„  for  tlic 
yalaa  giveu  to  Iho  latter  will  determine  the  vuluo  given  to  B,  ? 
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In  Older  to  wofk  out  the  problem  let  ns  suppose,  in  the  equation 

thoe  it  a  mall  enor  A  in^  oansed  by  a  definite  error  -  ^  in  B„  that  is,  let 

|!  +  ^=5jL(?L:i^)  =  KllKi  +  _^.  [B] 

B,  p  — Pi  p-^pi       p-9i 

By  mibtiaeting  [A]  (page  172)  from  [B]  we  get 

A  =  •     ■■  * 

This  shows  thai  with  the  definite  error  ^,  x  is  as  small  as  possible  when  p,  is 
as  small  as  possible.    A  would  be  very  great  if  p^  approached  in  yalne  to  p ;  but 

it  would  be  small  when  p|  is  about  equal  to  f,  and  but  little  less  if  pi  is  made 

Yery  much  smaUer  still.    Although,  therefore,  we  should  make  pi  small,  there  is 
but  little  advantage  in  making  it  Tery  much  smaller  than  L ;  in  fact,  there  is 

an  actual  disadvantage,  for  when  pi  is  very  small,  Bj  is  proportionately  small, 
and  its  range  of  adjustment  is  correspondingly  limited. 

From  equation  [A]  (page  170)  we  can  see  that  in  the  present  caso  the 
currents  flowing  through  the  galvanometer  when  equilibrium  is  not  established, 
in  consequence  of  B  and  B|  being  each  1  unit  out  of  adjustment,  are 

E, 

Ci  =  


0.+  ro|[g(l+|)+P  +  r.] 


and 


0..  +  r.)||[g(l  +  ||)  +  ft+r.] 


respectively ;  and  i^om  these  equations  it  is  evident  that  if  Oj  is  a  perceptible 
deflection  when  B  is  1  unit  out,  e,  will  be  a  still  more  perceptible  deflection 
when  B,  is  1  unit  out,  since  B,  must  be  smaller  than  B ;  consequently  the 
value  we  give  to  B,  will  not  be  limited  by  any  considerations  with  regard  to  a 
perceptible  deflection  being  obtained. 

As  in  the  flrst  test,  q  and  e,  are  both  greatest  when  Ej  is  larger  than  E, ; 
the  batteries  should  therefore  be  so  arranged  that  this  is  the  case. 

Witii  regard  to  the  Possible  degree  of  accuracy  attainaUe  with  this  test,  we 
can  see  first  of  all  that  B  cannot  be  adjusted  quite  so  accurately  as  in  the  case 
where  the  resistance  of  the  batteries  was  negligible ;  we  can,  however,  ascertain 
the  exact  degree  attainable  by  putting  p  +  fs  instead  of  p  in  equation  [B] 
(page  171).  Thus,  to  take  the  example  given  on  page  171,  suppose  the  battery 
E,  had  a  resistance  of  5000  ohms  (r,)  approximately,  then  we  should  have 

(p  +  8000)[5000a  +  })  +  P  +  5000]  =  .^^^J^^^^  ^  g. 

or 

(p  +  5000)  [12,500  +  rf  =  600,000,000. 


1 
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If  in  this  oqtmtioQ  wo  make  p  =  l-i.OOO,  we  get 

{14,0n0  +  SCiOO)  Cl2,50O  +  iifiOa]  =  503,500,0*0, 
wliioli  is  close  lo  the  correct  value.      In  other  worJs,  if  p  does  not 
11,000  ohin^  we  ciiQ  be  sure  of  the  toIuo  of  B  withia  1  unit 

The  degree  of  nccarsoj  with  vbich  we  cau  Jeteimiue  the  i&luo  of  p 
the  equation 


dependd  upon  tbo  dugree  of  ocanroc;  with  which  wo  can  adjnal  both  B  and  B,. 
uud  09  the  errors  in  either  of  them  may  1m  uithot  +  or  — ,  the  greatest  poadble 
total  error  ia  that  which  wUl  bo  produced  by  a  +  error  in  R,  aud  a  —  eiror  in 
{„  or  vice  vertd.   Let  these  errurs  be  botli  1  unit,  and  let  the  concaponding  ertui 

u  -^  be  A,  then  we  have 

E,  R  +  1  ~  (B'  -  1)_  B-B, 


I!  roquLio  to  know  wh&t  penxtilage  (\')  of  error  thU 


To  Luke  the  eiample  we  havo  juat  considered,  we  seo  that  the  possible  per- 
Qi.higo  of  ooourooy  ttttainatile,  supposing  p,  to  eqoal  -^,  ia 


"  14,000-7000 


X  J  =  -014  per  cent 


» 


194.  With  a  Thomeun  galvaoometer  of  ordinary  sensitiTCBSH  it  is  ovident 
from  the  faregoiug  inveatigutiou,  that  if  we  bnve  two  batteries,  one  B,  liaTing 
*a  elcctroiDotive  force  of  1  volt  or  more,  and  E,  an  eleotromotiTe  foroe  of  twioe 
that  value  or  more,  we  can  without  dilQculty  determine  tboir  relative  electio- 
motivo  forces  to  an  suourauy  o^  at  least,  'OlS  per  oeut :  and  if  the  reaietanoe  of 
the  batte(i«s  ba  very  low,  we  can  be  certain  of  the  aconraoy  within,  eay,  '003 
per  cent. 

195.  It  is  possible  lo  got  a  istill  greater  aocunoy  by  employing  a  set  of 
leaiitanoo  coils  adjustable  to  -^^Ih  or  -i^,^th  of  a  knit,  for  in  this  case  we  can 
make  both  B  and  R,  low  without  losing  the  range  of  adjustiaeut.  whiUt  by 
making  theje  quantities  low  wo  ini^rease  the  valne  of  the  galvanometer  doSt^ctioo 
when  exoot  adjustment  is  not  obtidued ;  this  is  only  the  ooso,  however,  when  the 
ieii«t.aioes  of  the  ItatteiUii  and  of  the  galvanoineUu  mo  low. 
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We  om  eaafly  determine  to  what  extent  the  degree  of  accuracy  is  increased 
by  nsing  sabmnltiplee  of  the  units ;  first  by  ascertaining  from  equation  [B] 

(page  171)  what  Yalne  p  can  have,  ~-  being  divided  by  10  if  B  is  adjustable  to 

<r\ith8,  and  by  100  if  B  is  adjustable  to  yvv^  *  ^^^  second  by  working  out  the 
Talue  of  X'  from  equation  [G]  (page  174)  whioh  gives  the  required  percentage  of 
aoouiaey. 

Of  coarse  when  great  accuracy  is  required,  the  test  must  be  made  by  the 
method  in  whioh  the  resiBtances  of  the  batteries  are  eliminated ;  it  is  no  use 
making  the  test  by  the  first  method,  sinoe  the  accuracy  attainable  by  having  B 
adjustable  to  -^th  or  y^th  of  an  ohm  is  more  than  oounterbalanced  by  the 
enor  produced  by  not  tiUcing  into  account  the  resistance  of  the  batteries. 

To  summarise  the  reaults  we  have  obtained,  we  have 

Best  Conditions  for  making  the  Test. 

First  Method.] 

196.  FiiBt  make  a  rough  test  to  asoertain  the   approximate 
valueB  of  El  and  Ej,  then  make  p  of  sach  a  value  that 


[K'+l)+'-]=l 


approximately,  e  being  the  figure  of  merit  of  the  galvanometer, 
and  El  the  strooger  of  the  two  batteries,  E^,  and  Ej  being  in 
volts. 

Second  Method. 


,  2 

'2 


Make  p  of  such  a  value  that 

approximately. 

If  B  is  adjustable  to  i^th  or  j^ih  of  an  ohm,  the  right-hand 

E  2  j3  2 

side  of  the  equation  should  be  t,   .f^     or  .,,   ,^_     respectively. 

^  El  10  c        El  100  c       ^  "^ 

Pi  should  be  about  equal  to  - . 

In  both  methods  Ei  should  be  the  larger  of  the  two  batteries. 

Possible  Degree  of  Accuracy  attainable. 
First  Method. 
Where  resistance  of  battery  is  very  small,  ] 

rcroentage  of  accuracy  =  —  X  —. 

P        ^i 
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I 


Second  Method. 
„         ^         .  200        E, 

Percentage  of  accuracy  = x  =■ 

P  -  Pi       *": 

Or,  if  pi  IB  nearly  equal  to  ~, 

Feroentage  of  aocutaoy  = x  ^■ 

P         -l^i 

197.  A  great  point  in  these  methodfl  of  detennising  tlie  com- 
parative electromotive  forces  of  batteriea,  lies  in  the  fact  that 
both  batteries  are  working  under  exactly  the  same  conditions; 
moreover,  if  the  resistances  R  and  p  aro  high  there  is  bat  littls 
tendency  for  them  to  polarise.  If  one  of  the  batteries  bo  a  oon- 
Btant  one,  such  as  a  Danioll,  then  by  varying  tho  values  of  R  and 
p  we  cm  test  how  the  other  battery  behaves  when  worked  through 
different  resistances. 

Poggkndorfk's  MEruOD. 
IDS.  In  this  method  one  battery  is  balanced  against  the  other. 
The  method  is  shown  by  Fig,  78.  In  this  figure  E,  and  E,  are 
tho  electromotive  forces  to  be  comptared.  R  and  p  are  adjustable 
resistanoes,  r^  and  r,  being  the  resistances  of  the  batteries.  0  is 
the  resistaucQ  of  the  galvanometer. 


FiQ.  78. 


I 


Before  equilibrium  is  obtained  we  hai 

<•,  +  r,  -  t,  =  0  [1] 

(r,  +  G)t,  +  n.,-E,=  0  [3] 

By  snbstilnting  the  value  of  c,  obtained  from  equation  [1],  ii 
equation  [2],  and  then  again  the  value  of  c,  obtained  from  equ- 
tion  [2],  in  equation  [3],  we  shall  find  that 

(r. +  P)E,-R(E. -E,) 


"  E  (fa  +  G-|-ri+p}-H(r,+  p)(r,  +  G)' 


J 
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If  we  put  c,  s  0»  we  get 

(»-i  +  />)Ea-E(Ei-B2)  =  0, 
or 

.  E,(R  +  ri+p)=EiR; 

that  18 

Ej :  Ea : :  R  +  rj  +  p  :  E,  •  [6] 

or 

It  will  be  obseryed  that  in  order  to  get  the  ratio  of  E|  to  E, 
from  this  proportion,  we  must  know  the  resistanoe  r^  of  the 
battery  E|.  If,  however,  we  decrease  p  to  p^  and  again  get 
equilibriam  by  readjusting  R  to  R^,  we  get  a  second  proportion, 
viz. 

El :  E, : :  Ri  +  r^  +  p, :  R^.  [7] 

and  by  combining  the  two  proportions,  r,  is  eliminated  in  the 
manner  shown  in  the  last  test  (page  172)  and  we  get, 

.        El  ^  (R  ^  RQ  +  (p  -  pQ 

Ea  R  -  Ri 

or 

Ei:E,::(B-E,)  +  (p-pO:(R-Ei),         [A] 

a  proportion  in  which  differences  of  resistance  alone  enter. 

For  example. 

Two  batteries  whose  electromotive  forces  Ej  and  Ej  were  to 
be  compared,  were  joined  up  in  circuit  with  a  galvanometer 
and  two  resistances  as  shown  in  Fig.  78.  The  resistance  p 
being  200  ohms,  it  was  necessary  in  order  to  obtain  equilibrium 
to  adjust  R  to  500  ohms,  p  was  then  reduced  to  100  ohms  (p|), 
and  in  order  again  to  get  equilibrium  R  had  to  be  readjusted  to 
400  ohms  (Ri),  then 

Ei  :  Ea  : :  (500  -  400)  +  (200  -  100)  :  (500  -  400); 

or  as 

2:1. 

199.  In  making  this  test  practically,  the  connections  with  the 
&et  of  reeistanoe  coils  shown  by  Fig.  6,  page  13,  would  bj  as  shown 
by  Fig.  79.  Having  depressed  the  left  hand  key,  then,  according 
to  the  example,  we  should  take  out  the  two  100  plugs  between 
A  and  0,  and  proceed  to  adjust  between  D  and  E.    This  being 
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done,  we  should  iuaert  one  of  the  100  plugs  between  A  a 
readjust  the  resistance  between  D  and  B. 


200.  As  only  one  of  the  batteries  (the  smaller)  in  this  teat 
liBB  its  electromotive  force  balanced,  the  other  one  shonld  be  a, 

constant  battery,  whoae  olectromotivo  force  does  not  fall  off  on 
being  worked  contiDUOUsly,  such  as  a  Daniell. 

201.  It  u  evident  timt  Uie  test  cari  bo  madu  dther  by  making  p  a  fltcd 
resinUnce  and  Ran  oiljiutuble  cue,  or  by  mitkiiig  R  fixed  and  p  sdjiu>tubli:.  In 
order  tbcrefore  lo  determine  the  Bett  condition*  fur  making  tht  Iril,  one  point  for 
coDBideraUun  will  be— Bbould  R  or  p  be  tlie  ndjuslabls  (juaDlity  ? 

Now  by  a  ainiilar  roaeouing  to  that  given  in  §  ISl,  page  ITO,  we  I'an  see  IhnI 
in  eithtr  case  tljc  value  of  tbe  adjuettilile  reBielance  elioald  be  the  hijhrtt  ont  in 
hAi'cA  a  rhange  of  1  nrii'(  from  iU  correct  retiitanoe  produett  a  perrrpliUt 
defieetion  of  the  gidcauomeler  needle. 

If  wo  refer  lo  cqiwliou  [6J  Cpaso  177)  wo  can  wc  tbul  if  E,  =  2  E,  tbon 
r,  4-  p  uust  be  equal  B,  and  that  aemcding  aa  E,  is  grealcr  or  leu  Ihon  E,,  ho 
will  r,  +  p  be  greater  or  lees  thun  B.  It  is  evident  tliat  Iho  Lirger  we  tuoko  tite 
(uljiutnble  reaialance  the  greater  will  be  tbe  mugo  of  adjUBtment  of  wbicb  it  U 
capable,  tberefoce  for  thia  reason  it  follows  that  if  E,  is  greater  tlian  2  B,  then 
Ti  +  p  abould  bo  the  reaiataace  in  wbicb  the  udjuatment  ia  cQccted,  wbereua  if  E] 
ia  lusa  than  2  E,  then  It  aliould  be  tlie  ndjualable  reaialance. 

Now  if  R  be  the  adjualablo  realalanre,  tlicD  iaatuiuch  as  the  valoe  wliidi  it 
will  buTB  will  depend  upon  tbe  vatiio  given  to  p,  therefore  we  must  dutcnnine 
tbe  higboBt  value  we  can  give  lo  p. 

Eqaatiau  [1")  (page  176}  aliowa  tbe  current  e,  obtaiiied  through  tlie  galvanu- 

'  '  tn  tqnilibtium  ia  not  produced.  If  in  tbia  eiiUBtioii  ve  put  It  —  1  la 
the  ntimemtor  inatood  of  R,  and  tlieo  put 


t\ 


R  +  r,  +  p 


R  =  (r,  ■ 
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ve  thall  get  the  onrrent,  c,,  oorreeponding  to  the  cLango  of  1  unit  in  the  correct 
TalneoTB.    Thus 

^ (E  zJ^.1 M 1 


or 


(n  4-  p)Kn  4-G)  E,  +  (r,+p)  EJ ' 


(r,  +P)[(r,  +  G)E.  +  (r,  +p)eJ  =  ^^'  ^^^'>  [A] 

And  if  in  this  equation  we  make  e,  the  figure  of  merit  (page  79)  of  the  galvano- 
meter»  then  the  valne  of  p  which  satiBfies  the  equation  ¥rill  he  the  highest  value 
which  it  ahoold  have ;  as  explained  in  the  last  test,  p  can  be  obtained  by  trial. 

If  p  be  the  acynatable  resistance,  then  what  we  have  to  determine  is  the  value 
whidi  B  shonld  have.  To  do  this  we  must  put  p  + 1  *  instead  of  p  in  the 
nnmeiator  of  equation  [4]  (page  176)  and  then  put 

Bi  =  5±n_+_p  ^    .  ,_R(E,-E,) 

we  shall  tlien  get  the  current  &^  corresponding  to  the  change  of  1  unit  in  the 
cnrrent  Talne  of  p.    Thus 

,, E,« 

""*  ■"  RKr,  +  G)E»  4- B(E,  -  E,)]' 
or 

BKr,  +  G)E,  +R(E,  -  E,)]  =  5*,  [B] 

from  which,  as  in  the  previous  case,  B  can  be  obtained  by  trial. 

We  have  next  to  determine  the  value  which  should  be  given  to  B,  or  to  p,. 
Let  us  in  the  first  instance  take  B|  to  be  the  adjustable  rcBistance,  then  what  we 
have  to  do  is  to  find  the  proper  value  to  give  to  pj.  If,  then,  wc  suppose  in  the 
eqnatitm 

Ej  ^  (B  ~  BQ  fCp  -  pQ 

E,  B-Ri 

or 


[2] 


E, 
thai  there  is  a  small  error  \  in  ~  caused  by  a  corresponding  error  —  ^  in  H, ; 


then  we  have 


E, 


ll  +  X  =  l  +  t:^i^L-^.  [4] 


By  sabtiacting  [3]  from  [4]  we  get 

_  P  —  (Pi  —  4>)  _  P^Pi    _       1*     , 
^^     B-Bj  B-Bj^B-B* 

bat  from  [3] 


*  We  put  p  +  1  in  this  case  in  preference  to  p  —  1,  simply  in  order  to  avoid 
giving  Cf  a  minas  value.  The  general  result  obtained,  ho  we  ver,  would  be  similar 
whc^Eor  the  1  be  plus  or  minus. 

N  2 
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therefore 

x  = * 


This  shows  that  with  the  definite  error  ^,  A.  is  as  small  as  possible  when  p,  is  as 
small  as  possible.    A  would  be  very  great  if  pi  approaches  in  valne  to  p,  bat  it 

v/ould  be  small  when  pi  is  abont  eqnal  to  L  and  but  little  less  if  pi  ia  made  ?ery 
small  indeed.    As  our  range  of  adjustment  of  B|  is  limited  by  making  pi  very 

A 

small,  it  is  advisable  not  to  make  it  smaller  than  ^. 

A  similar  investigation  would  have  proved  that  if  pj  were  the  adjustable 
resistance,  then  Bj  should  be  made  small,  though  not  smaller  than  — . 

202.  From  equation  [1]  (page  179)  we  can  see  that  the  test  is  impossible  if 
E|  and  E,  are  equal,  since  c,  =  0  with  any  value  we  can  give  to  the  resistances* 
We  can  further  see  that  the  more  the  batteries  differ  in  electromotive  force  the 
belter ;  and  also  that  it  docs  not  matter  materially  which  is  the  stronger  of  the 
two. 

203.  As  regards  the  Possible  degree  of  accuracy  aUainaUe^  thi;i  depends  upon 
tlio  degree  of  accuracy  with  which  wo  can  adjust  both  B  and  B,  (or  p  and  p,,  if 
II  and  B|  are  the  fix^  resistances),  and  as  the  errors  in  either  of  them  may  bo 
•h  or  — ,  the  greatest  possible  error  is  that  which  will  be  produced  by  a  +  error 
lu  R  and  a  —  error  in  B^  or  vice  versa.    Let  these  errors  be  both  1  unit,  and  let 

E 

the  corresponding  error  in  -p^  be  A,  then  we  have  from  equation  [3]  (page  179) 

E,  ^B-l-(Ri  +  l)         ^B-.Ri-2 


UUd 


[borefuro 


. P  — Pi  P-Pi 2  (P  -  Pi)  . 

K  -  B,  -  2  *  B  -  Bi  "  (B  -  Bj  -  2)(B  -  B,)* 


or,  since  B  —  B^  is  very  large, 

_  2(p-p,)_      2  /E,-E,\« 


''"(B-B,)»~p-p,      V     E,     / 


Since  wc  require  to  know  what  percentage  (A')  of  error  this  represents,  we  have 

A'    ,E, 

^  =  100  "'e;' 

or 

A'=100x5l=^2Lx<-?!Jl.?!^. 
El      p  —  Pi  E,  B, 


*  This  is  not  the  case  in  Lumsdcn's  tost. 
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la  the  caae  wheie  p  aad  f^j  are  the  adjostable  resistanoea,  we  should  get 

X  =  P  —  Pi  +  ^  _  P  -Pi ^_^ 

ii  —  R|        A  ~  Bj      R  —  B|        • 

and  eaUing^  as  before,  \'  the  percentage  of  error,  we  get 


200        E, 


To  Bom  npf  then,  we  have 


Beti  Conditums  for  making  the  Teat. 

204.  First  make  a  rough  test  to  ascertain  the  approximate 
▼alnes  of  Ei*  E^,  rj,  and  r, ;  then  if  Ei  is  less  than  2  E,,  make  p 
a  fixed  resistance,  and  of  such  a  valne  that 

(••i  +  P)  [(»•.  +  G)  El  +  (r.  +  p)  BJ  =  %^il    [A] 

C 

approximately. 

If  B  is  adjustable  to  -^th  of  an  ohm,  then  the  right-hand  sido 
of  the  last  equation  should  be 


(B,-E,y  ^^,, 


e  being  the  fignre  of  merit  of  the  galvanometer,  and  E^  and  E. 
both  being  in  volts. 

pi  should  be  about  equal  to  ^' 

If  El  is  greater  than  2  Ej  then  make  E  a  fixed  resiBtance,  and 
of  such  a  value  that 

B  [(r,  +  G)  El  +  R  (El  -  E,)]  =  ^  [B] 

approximately. 

If  p  is  adjustable  to  f  th  of  an  ohm,  then  the  right-hand  side 
of  the  last  equation  should  be 

E^^      1 
c    ^"^ 

e  being  the  figure  of  merit  of  the  galvanometer,  and  Pi  and  E^ 
being  both  in  volts. 

Bj  should  be  about  equal  to  - . 

♦  Section  105,  papje  174. 
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Possible  Degree  of  Accuracy  cUtainable. 
When  B  and  Hi  are  the  adjustable  resistanoe?,  then 

r^         .         r                        200     ^  (E,  -  E,)» 
Percentage  of  accuracy  = X  ^   *  ^  ; 

or  if  pi  nearly  equals  ^ 

Percentage  of  accuracy  =  —  x       ^r;*  -m      • 

When  p  and  p^  are  the  adjustable  resistances,  tlraa 

200  E 

Percentage  of  accuracy  =  =t =    x  =r  » 

K  —  Hi        Mil 

K 

or  if  Rj  nearly  equals  -^ 

Percentage  of  accuracy  =  -^-  x  ^• 

ii  Jlii 

205.  If  the  test  is  made  by  obtaining  the  result  from  formula 
[6]  (page  177),  the  resistance  r,  of  the  battery  being  very  small, 
thou  it  is  not  difficult  to  see,  from  the  investigation  given  in 
"Lumsden's  test"  (page  168)  that  when  R  is  the  adjustable  re- 
sistance, 

Percentage  of  accuracy  =  —  x       . ,  . ,  ^-^  • 

P  hi  hij 

Also  we  should  make  p  of  such  a  value  that 

approximately. 

When  p  is  the  adjustable  resistance,  then 

T.         X         r  100      E^ 

Percentage  of  accuracy  =  -z^  x  =-• 

ii  £^1 

Also  we  should  make  R  of  such  a  value  that 

R  FgEi  +  R(E,  -  Ea)!  =  ^ 
approximately. 

Fahies  Method  of  Measuring  Battery  Resistance. 

206.  It  may  be  pointed  out*  that  the  foregoing  test  also 
affords  a  means  of  ascertaining  the  resistance  r|,  of  the  battery 

•  Sec  Sabine's  *  The  Electric  Telegraph,'  p.  323. 
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E,;   thus  from   equations  [5]  and  [7]  (page    177)  we  can  see 
that 

B  +  ri  +  p  :  B  : :  Bi  +  ri  +  pi :  Bi; 
therefore 

BjB  +Biri  +  Bi  p  =  Bi  B  +  Bri  +  B  pi ; 
therefore 

ri(B-BO=Bip-Bp„ 
or 

^  _  Bi  p  -  B  Pi 

B  —  Bj 

thus  if  we  take  the  example  given  on  page  177,  in  which  we  have 

I?i  =  400 
B  =  500 
P  =  200 
Pi  =  100 
we  get 

=  (400  X  200)  -  (500  X  100)  ^  ,,  ^^^^^ 
*  600  -  100 

207.  A  resistance  test  made  in  this  way,  however,  would  not 
be  an  accurate  one  if  the  resistance  r^  of  the  battery  were  small 
in  comparison  with  the  resistance  pi  (which  is  in  the  same  circuit 
with  r,),  for  in  this  case  the  high  value  of  the  latter  would 
swamp,  as  it  were,  the  low  value  of  r^.  If,  however,  as  suggested 
by  Mr.  Fahie,*  we  commence  the  test  by  having  no  resistance 
at  first  in  circuit  with  the  battery  E^,  that  is  to  say,  if  we  have 
Pi,  equal  to  0,  then  we  can  obtain  more  satisfactory  results ;  in 
this  case  we  get 

208.  With  regard  to  the  Best  conditions  for  making  the  test  according  to 
formula  [A],  the  re&istance  B|  is  the  resistance  required  to  produce  halauce  in  the 
first  instance,  and  it  can  have  but  one  value ;  B,  however,  is  dependent  upon  p,  so 
that  what  id  required  is  the  value  which  should  be  given  to  the  latter  quantity. 
Now  from  formula  [A]  we  can  see  that  the  larger  we  make  p  the  larger  will  bo 
the  value  of  B,  and  the  larger  wo  make  the  latter  the  greater  will  be  its  range  of 
adjustment,  consequently,  as  in  the  electromotive  force  test,  we  should  give  it 
th^  highest  value  in  which  a  change  of  1  unit  from  its  correct  resittance  produces  a 
peroepiibU  deflection  of  the  galvanometer  needle ;  this  resistance  we  shall  obtain  by 
giving  p  such  a  value  that 

(r.  +  P)  [(r,  +  G)  E,  +  (r,  +  p)  EJ  =  1H'_ZJ«}! 
•pproximately,t  c  being  the  figure  of  merit  of  the  galvanometer. 


♦  See  *  Electrical  Review,*  vol.  xii.  p.  203. 
t  Equation  [A],  p.  170. 
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As  regards  the  Pomhle  degree  of  aceuraqf  attainabJej  fhis  we  sball  obtaiD,  as 
in  prevlons  cases,  by  supposing  that  there  Is  an  error  of  -f- 1  in  R  and  an  error 
of  —  1  in  R|,  these  errors  causing  a  corresponding  total  error  A  in  r| :  thus 

•■»  +  ^  -  (R  -  1)  -  (R,  +  1)  ■"  R  -  R,  -  2' 

and  Biaoe 

'^^  "  R  -  R, 
we  get 

^  =  R-R,  -.2'"R-Ri~(R-Ri-2)(R-  R,)' 

or  sinoo  R  -  R,  is  very  large,  we  may  say 

p(R+Jl,). 
^  -  (R  -  R,)«  •  LB] 

E,_Rj_+r^    IBjHr+Tj 
E,""      R,      ~         R 

^»  =  Er=na;»  ^^^'  ^  =  -ir=^* 

R  +  B,  =  ^g^^(2rj  +  p),and,R-R,  =  g^^: 
and  by  substituting  these  values  of  R  +  Rj  and  R  »  R,  in  equation  [B]  we  get 

Or  if  we  call  \'  the  percentage  of  error,  tlien 

^'     r 


but 


or 


therefore 


or 


.•  =  mL  =  h^-(l  +  l)m. 

fj  Eg      \p      n/ 


200.  Tho  relative  oloctromotivo  forces  of  the  batteries,  it  may  be  pointed  out, 
arc  given  by  the  proportion 

E,  :  E,  : :  (R  -  RO  +  P  :  (R  -  R,), 

which  is  the  samc«s  proportion  [A],  page  177,  ezoopt  that  p,  is  put  equal  to  0. 
To  sum  up,  then,  we  have 

Best  Conditions  for  making  the  Test. 
210.  Make  p  of  such  a  value  that 

(Tr  +  P)  [(r,  +  Q)  E,  +  (r,  +  p)  E,]  =  (5l±^ 
approximately,  c  being  the  figure  of  merit  of  the  galvanometer. 
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Possible  Degree  of  Accuracy  aUatndble, 


Peroentage  of  aocnracy  = 


E, 


Fahii's  Combined  Method  of  Compabing  Electromotive  Forces 

AND  MKlSITRINa  BaTTERY   RESISTANCE. 

211.  THis  18  an  extremely  ingeniotis  and  elegant  method,  and 
altliongli  its  application  is  rather  limited  it  is  well  worth  being 
noticed.  The  arrangement  is  a  combination  of  PoggendorfiTs 
method  of  comparing  electromotive  forces  (page  176)  and  Mance's 
method  of  measuring  battery  resistance  (page  135). 


Referring  to  Fig.  80,  the  following  is  the  mode  of  making 
the  test: — E  is  the  stronger  battery  whose  electromotive  force 
is  to  be  compared  with  the  battery  e,  and  whose  internal  resistance 
is  to  be  measured ;  d  is  a  variable  and  a  +  h  o,  slide,  resistance, 
B  being  the  slider  by  the  movement  of  which  the  ratio  of  a  to  6 
can  be  varied.  The  key  K  being  open,  the  resistance  d  is  ad- 
justed until  the  needle  of  the  galvanometer  shows  that  no  current 
is  passing  through  the  latter ;  when  this  is  the  case,  then,  as  in 
Poggendorff*s  method  (page  176),  we  have 


E:e::r  +  (i  +  a  +  5:a  +  6. 


[1] 


Balance  being  thus  obtained,  the  key  K  is  alt.ei*nately  depressed 
and  raised  and  the  slider  B  moved  until  the  latter  is  brought  to 
such  a  position  that  the  movement  of  the  key  K  ceases  to  affect 
the  galvanometer  needle,  as  in  Mance's  test  (page  135).  Now, 
inasmuch  as  the  battery  e  merely  acts  as  a  counteracting  force 
to  the  current  which  in  Mance's  test  would  cause  a  permanent 
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ent  tlirt      I 


doflc'Ction  of  tho  galvanometer  noedlo,  it  mnst  bo  evident  thnt 
when  tho  movement  of  tho  key  E  oeaaes  to  affect  g,  then  we  mnst 
have 


Substilutiiig  tljia  value  of  r  +  d  in  equation  [1],  wo  get 
E:e:if(ji-i-h)  +  u  +  b:a  +  b, 


EqnatioQ  [2],  therefore,  gives  tho  roaiatance  of  the  battery  £, 
and  equation  [3]  gives  the  relative  electromotive  forces  of  the 

two  batteriea. 

For  example. 

The  key  K  boing  rniacd,  balance  was  obUiued  on  tho  galvuno- 
meter  g  by  adjusting  d  to  200  ohma.  When  tho  key  K  wna 
alternately  raised  anil  depreasod,  the  balance  on  g  was  distiivlunl 
until  tho  slider  11  was  moved  to  the  position  at  which  b  waa 
equal  to  100  ohms;  the  total  ro«istanca  of  the  slid'?  roBiNliinoo 
0^6  was  400  ohms,  that  is  to  say,  a  was  equal  to  300  olima ; 
then 

300  X  200       ...    , 
r  =  — -r-      =  600  ohms. 


:  200  +  100;  100, 
;i  :  1. 


I 


SIS.  Tlie  couilitianB  fi>r  uukLiig  tliia  Icat  ao  aa  to  (iljtnin  nireunitu  resiiIlN 
eTidendy  bo  similar  ki  Ihoae  spt^ifled  in  the  ev«t  nt  Poggcn^artTt  Irst  mid 
Munoe'g  test  mftdo  ttitli  a  sliile  resi^tinrp.  The  unturo  of  tlie  ni^thoil,  boircvrr. 
ii  Bucli  tliiit  ve  cannot  obtain  thn  cnndit'ons  which  aro  boit  tot  the  PugjT^dOTfr 
trit  vritboiit  impniring  tho  ctmditioug  nccemnry  fot  nitiking  Ihe  Hnnce  tnt  seen- 
nitelj',  eo  that  pnKticallT  wq  tiiiiBt  arrange  tho  rralabnccs  so  ai  to  euit  tho  ty>ii- 
ililions  Dcccuftr;  for  mnking  the  lalter  sali«riictnrilj ;  at  Iho  same  time  it  tub; 
be  pointed  out  tliat  those  oonditions  nra  such  na  to  ennblo  Ibo  PoggecdDrff  trat 
to  be  mndc  witli  a  conitidoruble,  though  not  nitli  a  vary  high,  degree  of  aectumej. 
Aa  in  tho  cuee  of  Uauce'a  teat  with  n  sliile  wire  (page  138),  the  oonditlona  reqiund 
are  that  d  ahall  be  aa  larg«  aa  poaaiblc,  but  not  ao  Urge  that  tho  mnge  of  a<ljiisl- 
meat  o!  tbo  MiW  1)i>rninei  e:tcesgiTe1]r  rcdnovd.    Now,  praoticallj,  a  Bliil« 
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anoe  would  not  oonaist  of  more  than  about  100  coils ;  consequently  if  d  were  of 
Boeli  a  Taloe  that  the  slider  had  to  be  set  so  that  6  was  about  10  times  as  large 
as  a  (as  would  he  the  case  when  a  slide  wire  is  used),  thou  the  aocuraoy  with 
which  the  latter  conld  be  adjusted  would  be  extremely  small,  being  only  about 
1  in  10,  or  10  per  cent.  To  make  the  test  satfs&ctorily,  therefore,  it  would  be 
neceaflvj  to  arrange  so  that  the  slider  would  have  to  come  near  the  centre  of  its 
traTerae,  even  though  the  sensitiveness  of  the  whole  arraugemeut  became  reduced 
in  oonaeqaenoe.  As  long,  however,  as  tufficient  sensitiveness  is  obtained,  that  is 
to  say,  a  aensitiYeness  such  that  a  movement  of  the  slider  from  its  correct  position 
to  either  of  the  oontiguous  coils  produces  a  perceptible  disturbance  of  the  balance, 
then  the  nearer  we  can  get  the  slider  to  the  centre  the  better.  It  would  not  do, 
however,  in  any  case  to  pass  beyond  the  centre  point ;  for  in  this  case,  although 
the  error  made  in  a  by  the  slider  being  one  coil  out  of  adjustment  is  small,  yet 
the  error  made  in  6  becomes  comparatively  large.  Now,  in  order  that  we  may 
be  able  to  get  the  slider  near  the  centre  of  its  traverse,  it  would  bo  necessary 
that  d  sfcnnir!  be  approximately  equal  to  r,  but  since,  in  order  to  obtain  balance 
in  the  first  instance,  we  must  have 

E  :  e  :  :  a  +  h  +  d  +  r  :  o  +  6, 
or 


e             a+  0 

> 

d  could  not  be  made  equal  to 

r  unless 

e 

2r 
0  +  6' 

or,    e  = 

E  (a  +  6) 
a  +  b  +  2r 

Now  if  £  and  e  were  both  fixed  quantities  and  were  not  of  such  relative  values 
that  the  above  equation  held  good,  then  it  would  bo  impossible  to  obtain  the 
conditions  necessary  for  making  the  test  favourably;  the  method  of  testing  we 
are  considcriog,  however,  would  usually  be  employed  for  the  purpose  of  measuring 
the  electromotive  force  of  a  battery  in  terms  of  the  electromotive  force  of  ono  or 
more  standard  cells  whose  number  could  be  varied  to  suit  any  particular  require- 
ment ;  in  such  a  case  it  would  usually  be  possible  to  give  to  e  the  value  which 
would  enable  the  above  equation  to  be  satisfied.  Thus,  for  example,  suppose  the 
resistance,  r,  of  the  battery  £  were  estimated  to  be  about  100  ohms,  and  suppose 
the  slide  resistance  a  +  b  consisted  of  100  coils  of  10  ohms  each,  that  is,  1000  ohms 
in  all,  then  we  must  have 

ElOOO  _E10 

*  -  1000  +  (2  X  100)  "    12   • 

that  is  to  say,  the  electromotive  forces  of  the  batteries  K  and  e  should  \xi  in  the 
proportion  of  10  to  12.  Now,  it  is  evident  that  if  £  were  a  battery  of  ono  or  two 
celU  only,  then  it  would  practically  be  impossible  to  give  to  e  the  required  value; 
but  if  £  ooDsisted  of  a  considerable  number  of  elements,  20  or  30  for  example, 
then  there  would  be  no  difficulty  iu  adjusting  e.  From  these  considerations  it 
roust  be  evident  that  Fahie's  method,  although  extremely  ingenious  and  elegant, 
and  in  some  special  cases  very  convenient,  is  very  limited  iu  its  application. 

213.  With  respect  to  the  jPomi6/«  degree  of  accuracy  attainable,  this  as  regards 
the  reManee  test  is  directly  dependent  upon  the  accuracy  with  which  wo  can 
adjust  the  ratio  of  a  to  6;  thus  if  a  +  &  consisted  of  100  coils,  then  if  the  ratio 
of  E  to  e  were  such  that  the  slider  when  adjusted  stood  near  the  centre  position 
of  its  traverse,  the  error  caused  by  the  slider  being  1  coil  out  of  position  would 
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Ic  1  in  50  in  a,  and  1  in  50  in  6,  consequently  the  total  error  would  be  1  in  25, 

or  4  per  cent.    With  n  coils,  in  fact,  the  Po8»ibiU  dsgree  of  acatracy  attainable 

,,,-.»         100  X  4  . 

would  be  1  m  -Tf  or, per  cent. 

4  n 

To  determine  the  degree  of  accuracy  attainable  in  the  eleotromotire  force  test, 

we  must  suppose  that  d  is  1  unit,  and  h  1  coil,  out  of  adjustment    If  we  call  K 

E 

the  error  caused  in  — ,  then  we  must  have 

6 

+  A.  =  1  H —; .     or,     X  ?=  1  + 


end  since 


e                             a+b                             .       a+b       € 
0— 6 

n  n 


0  b 


we  get 

,       ,   .      d  +  1         _      d       b(n  +  d)  +  ad 

A  ^  1  -f-  ,  —  I  ^  =-  = 


««^«Ah 


0  +  6  6       6[6(n-l)-o] 


n 


If  x'  be  the  percentage  of  error,  then  we  have 

tlierefore 

»_  100[6(n  +  (?)  +  o(f] 
^  -(6  +  r)[6(n-l)-a]* 

If  the  test  is  mndc  under  the  best  conditions,  that  is,  if  wo  have  a  =  &,  and 
d  =  r,  approximately,  then  we  get 

_    100 [b (n  +  r)-{-br]    _   100(n  +  2r)   . 
^  "  (&  +  r)[6(n  -  1)  -  6]  -  (5  +  r)(n  -  2)* 

or  since  n  ia  largo,  we  may  say 

,      100(n  +  2r) 

For  example. 

In  determining  the  relative  electromotive  forces,  E  and  e,  of  two  batteries  by 
Fahie's  method,  the  resistance,  r,  of  E  being  approximately  100  ohms,  a  slide 
resistance  having  100  coils  (n)  of  10  ohms  eacli  was  employed.  What  was  the 
greatest  possible  degree  of  accuracy  attainable? 

_  100[100-K2X100)]  _     ^ 
^  -       100  (500  +  100)       -  *  P®"'^''*- 
To  sum  up,  then,  wo  have 

Best  Conditions  for  making  the  Test. 

214.    Make 

E(a  +  ft) 

approximately,  r  being  the  approximate  resistanoe  of  the  battery 
E. 
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PonAle  Degree  of  Accuracy  attainable. 

•o         X         i-  I00[b(n  +  d)  +  ad] 

Feroentage  of aoouraoy  =  .,  .    ^rC7 — ^n — -y' 

(6  +  r)[6(n- l)-a] 

If  a  =  &y  and  d  =  r,  and  n  is  large,  then 

T,         X         r  100(n  +  2r) 

Feroentage  of  aocuracy  =  — ^^    '   ^    , 

ft  in  both  cases  being  the  number  of  ooils  of  which  the  slide  resist- 
ance is  composed. 

215.  It  may  be  as  well  to  point  out  that  Fahie's  test  cannot  be 
made  (except  under  very  exceptional  circumstances,  rarely  met 
^%'ith  in  practice)  with  a  slide  vnre ;  for,  as  a  rule,  the  latter  has  such 
an  extremely  low  resistance  that  it  would  be  impossible  to  obtain 
equilibrium  in  the  first  instance  ;  the  proportion  which  is  necessary 

E:e::r  +  d  +  a  +  6:a-f-6, 

for  equilibrium,  could  not,  in  fact,  be  satisfied  unless  the  resist- 
ance of  the  battery  E  and  the  resistance  d  were  both  extremely 
small;  in  which  case,  moreover,  the  latter  would  have  to  be 
adjustable  to  a  very  small  fraction  of  an  ohm. 


Clark's  Method. 

216.  This  is  a  valuable  modification  of  Poggendorft's  methocl, 
and  is  shown  in  theory  by  Fig.  81.  a  6,  which  takes  the  place  of 
R  in  PoggendorfiTs  method  (page  176^,  is  a  slide  resistance ;  E3  is 
a  third  battery  which  is  connected  to  a  slider  through  a  galvano- 
meter G3. 

Now  if  we  suppose  equilibrium  to  be  obtained  in  both  galvano- 
meters, we  must  have  from  [5],  page  177, 

El :  Ej  : :  rj  +  p  +  a  +  6  :  a  -1-  6, 
and  also 

Ej  :  Ej : :  fj  +  p  -h  a  -h  6  :  a ; 

from  which  we  get 

E3  :  E, : :  a  +  6  :  a. 

If  then  we  take  a-{-hto  represent  the  electromotive  force  of 
the  standard  battery  Ej,  a  will  represent  the  electromotive  force  of 
the  battery  E3. 

In  making  this  test  practical!}',  the  battery  E3,  which  would 
be  the  trial  battery,  being  disconnected  from  the  slide  resistance, 
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balance  would  he  obtained  with  tlie  standard  battery  i 
adjusting  p  until  no  deflection  is  observed  on  the  galvanometCTGj.'^ 
would   then  be  counecteil  np  and  the  sUdur  moved  until  n 
'   deflection  ia  observed  on  the  second  galvanometer  G^. 

Fio,  81. 


I 


The  great  advantage  of   Clark's  method  is  that   both  the  ' 
standard  and  the  trial  battery  are  compared  under  the  same  con- 
ditions, that  is,  when  no  current  is  flowing  in  either  of  them  ;  thit 
is  a  great  point,  as  errore  due  to  polarisation  are  avoided. 

217.  It  mu^t  bo  ovideut  that  if  eq^uilibrium  is  not  produced 
with  the  trial  cell,  then  the  balance  in  the  standard  coll  circuit 
will  also  be  disturbed  ;  it  would  therefore  uoem  to  be  possible  to 
diupenso  with  the  galvanometer  O,,  but  inasmuch  as  the  current 
which  would  Bow  thi'ough  the  galvanometer  Gj  would  only  be  a 
fraction  of  that  flowing  out  of  the  battery  E^,  we  should  not  be 
able  to  make  a  lueasnvoment  with  nearly  such  a  dtgrce  of 
accuracy  as  wo  ootild  if  we  employed  the  galvanometer  O3,  which 
would  be  acted  upon  by  tlio  full  force  of  the  current. 

218.  To  detcrmiaa  llic  beet  orroiigenienl  or  rcEiBlaDcra,  Sm.,  far  nuking  Uie 
tfit,  let  va  suppose  tlmt  t3iere  ib  u  amall  error,  a,  in  Epcaiiaed  bj  acorrcBpouding 
BDisU  error  in  a,  and  lut  tia  And  wUat  otTuct  tbia  error  hue  upoo  (be  current  wbirh 
would  flaw  tlm)Ugh  the  galvnnomcter  G^.  Supposing  tb(.'u  that  a,  ii  the  new 
value  of  a  wbiuli  cougoe  this  error,  tlicu,  keeping  iu  mind  that  a  +  b  being  a 
Blide  roBiilanco  ia  not  altered  bj  clianging  a,  wc  linve 

<E.  +  A)<a  +  i)  _,       I 

'  B,  ■  ^^ 

WoncxtkiTe  to  <lct6ruiine  vbut  the  current  flowing  through  Ibc  gnlnno- 
mi'ter,  whou  '•qallibrium  u  diafurbed,  ia  equal  to. 


L 
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Befemng  to  Fig.  82,  in  which  m,nya,h,  and  g  represent  the  resistances,  and 
^tt  ^tf  ^  'i*  <^  '^  ^^  oorrent  strengths  in  the  various  circuits,  wc  have  by 
ibcMTn  h\W8  (page  169) 


We  know  also  that 


and 


Ci  +  c,  +  c,  -  If,  =  0 
«,  —  c,  —  »fg  =  0 

*»  -  f  I  -  f »  =  0 
fj  TO  +  It,  aj  +  ic,6,  -  E,  =  0 
c,  n  +  If,  a,  +  If,  6,  —  E,  =  0 
f,G,  +  It, a, -E,  =  0. 

E,  :  Ej  : :  m  +  a,  +  'i  :  "i  4-  ^i» 
o,  +  6,  =  o  +  6. 


By  finding  then  the  value  of  c,  from  the  first  equation  mid  bubstituting  its  value 
throughout  the  others,  and  then  again  the  value  of  c,  from  any  other  equation, 
and  again  substituting  throughout  and  so  on,  and  also  substituting  tlic  value 
of  E,  obtained  from  the  proportion,  and  again  the  value  of  a,  +  6„  wc  shall  find 
that 


E,  -  E, 


«i 


a  -hb 


<•»  = 


G,+ 


E, -E, 
K 


a, 


a  +  h 


[3] 


a  +  h  -h 


mn 
m  +  n 


If  in  this  equation  wo  substitute  the  value  of  a,  given  by  equation  [2] 
d-ngc  190),  we  shall  get 


Cm  = 


G.+ 


-.(^+^„) 


a  +  h  + 


mn 
m  +  n 
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IS  di  itud  b,  arc  very  nearly  equal  la  a  Bad  b,  we  ma;  ta; 


^'i^jm. 


Oa  ciominiDg  thia  equntion  ne  «c«  that  to  make  c 

st  make as  imall  us  jiosaiblo,  but  we  alw 

making  it  much  amullur  than  G,,  bi  Ci  is  but  very  littta  incrco«od  by  £o  doiug. 


Now  the  quantity 


■('^^.) 


ifl  the  rcBLtnDDo  a  cambiuuJ  ii 


multi|>1i> 


"  +  ''  +  ;..,  .. 

'0  vith  thcnsistancab  i>lUBin  aiid  n  cumbjned  iu  miiUiple  arc,  cousi^iiuiitly  UiU 
quantity  cou  nevur  bo  grcatir  tbau  a.  Ab  long  tli(.'rcft>rG  an  a  is  amiUlur  Uluu  G^ 
the  UgbcBt  Taluca  tbat  cou  be  givcu  to  the  other  leaiataDces  i-ounot  aake  f-,  leu 
n  the  othei  baud,  huwevcr  low  i 


G.  +  fl' 


irhilet,  01 
II  moke  e,  grcatei  than 


i  moko  tli(«e  rcniatuicn. 
The  value  therefun)  we  giro  to  a  pno- 


tically  doterminw  the  aeiuitiTencsa  oS  iJio  syali-m.  But  as  a  ia  only  a  (lorlioa  of 
llic  slide  tcaistance  a  +  ji,  mod  aa  It  may  iucludu  tbu  whole  of  the  latter,  ■>  fot 
iiialouce  when  the  sltdur  is  moved  quite  to  Iho  cud  ol  a  +b,  the  scDiiitiTcnca  ia 
practically  dependent  upon  tbe  value  given  to  a  -1-  b.  This  moat  then  be  moda 
na  much  loner  thnu  O,  oa  may  be  desirable. 

It  would  not,  however,  do  to  have  Ibe  lesialauco  cicccasively  low.  Tor  the 
Tolluwiug  reason; — 

In  order  to  get  equilibrium  ou  the  galTiiuDmoter  0„  it  ia  ucecaaary  Ibut  the 
lelnlion 

a  +  b, 


J 
should  hold  good.    Thia  conliot  bo  the  case,  however,  if 

0  +  6;  that  ia  to  mj,  if  n  -i- 1  ia  very  small  ^ — 

LuL  to  make  tlio  lutler  small  wc  must  lunke  E,  large  and  r,  +  f  small,  but  aiuc<> 
r,,  the  R'siBlance  of  E,,  will  itioreiise  bj  iupreasiog  E„  it  may  bo  iiuiioseille  to 
do  tliiB.  Praclioall]'  wo  may  tny  the  resiatiuioe  uf  a  H-  ^  shoiUd  be  a  fractiuiuU 
TBiuoofG,. 

218,  Lot  ui  DOW  deleimiue  the  Fouil/U  dtgrM  oj  accurate  aUainoUe  bj  Uie 


i 

'—  luUBt  be  very  unoll  dSo^^ 
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method.  la  equation  [1]  (page  190)  we  have  snppoaed  that  an  error  A.  has  been 
oanaed  m  E,  by  a  being  oat  of  adjostment ;  that  is  to  say,  from  the  slider  being 
mored  a  little  too  fiur,  so  that  a  becomes  a,.  If  we  call  ^  the  distance  the  slider 
has  been  moved  beyond  its  correct  position,  then  we  haye 

^'*'  (a +  6)    ^a  +  b'^a  +  y 

bat 


tiieraftve 


that  is  to  say,  the  distaoce  the  slider  is  out  of  position  represents  directly  the 
error  X  in  E,.  The  degree  of  accnracy  therefore  with  which  we  adjust  the 
positiim  of  the  slider  will  be  the  degree  of  accuracy  with  which  we  can 
meaeare  E,. 

We  haye  pointed  oat  that  if  a  +  ^  is  small,  then 


\       m  +  n/ 
I  r  I     ***** 


m  +  n 


wiB  be  smaller  still ;  if,  therefore,  G,  is  large  compared  with  a  +  h,  equation  [4] 
(page  192)  becomes 

If  in  this  equation  we  put  the  value  of  A,  giyen  aboye,  we  haye 

''•~G,(a  +  6)' 
or 

a  +  6        E,   * 

This  equation  enables  us  to  determine  what  moyement  of  the  slider  produces  a 
perceptible  deflection  on  the  galvanometer.  With  a  Thomson  galvanometer  of 
5000  ohms'  resistance  and  figure  of  merit  =  '000,000,001  (page  79)  we  should 
have,  supposing  E,  to  be  1  volt, 

-^  =  5000  X  -000,000,001  =  -000,005  =  ~ 


a  +  b  '^  »      '  »  200,000 

or  a  moyement  of  the  slider  equal  to  ggo^^  ^^  ^^^  length  of  a  +  6  would  pro- 

dooe  a  perceptible  deflection ;  that  is  to  say,  we  could  determine  the  accuracy  of 

an  electromotive  force  E,  of  about  1  volt  to  an  accuracy  of  jo^th. 

To  obtain  this  accuracy,  however,  it  would  be  necessary  to  have  the  wire 
a  +  b  graduated  into  200,000  parts,  each  of  which  would  be  very  small,  unless 
indeed  the  wire  were  very  long.  If  a  lesser  number  of  graduations  were  em- 
ployed,  we  could  practically  subdivide  each  of  them  by  noting  what  the  galvano- 
meter deflections  were  when  the  slider  stood,  first  at  one  division  mark,  and  then 
at  the  contigoous  mark,  as  follows :— * 

0 
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Suppose  the  slider  stood  at  a  distance  a  from  the  end  of  the 
slide  wire,  and  a  deflection  due  to  a  current  c^  was  produced  to 
one  side  of  zero ;  and  suppose  that  when  the  slider  was  moved  1 
division  forward,  that  is  to  a-f-  !» the  deflection  was  on  the  other 
side  of  zero,  or  was  produced  by  a  current  —  c^  Then  we  have 
from  equation  [3]  (page  191),  since  a  and  a-f- 1  are  very  nearly 
equal, 

E3  —  Bj 


Cl 


a  +h 


a-{-h         '         ^  a  +  h       a+h 


E  K 


EaCci  +  0  =  E3  — --,  (c,  +  c,)+  -i^Ci; 


and 

therefore 

CiEa  -  c,E,  ^  -  "«  ^  =  -  c,  E3  +  c,E,  ^^, 
or 

aTb^'^ +  ''')  + ^b 

therefore 

Eg  :  E3  : :  a  +  6  :  a  -< ^ 

Cj  +  Cj 

The  subdivision  of  the  division  beyond  a  is  therefore  given  by 

c 
the  fraction -^ —  •    We  have  seen  that  we  could  get  a  deflection 

of  1  division  on  the  galvanometer  if  the  slider  were  moved  a 
distance  of  TTnrlircny^^  beyond  the  distance  required  to  give  equili- 
brium. If  the  wire  a-{-h  were  divided  into  20,000  parts,  then  a 
movement  of  the  slider  through  1  part  or  division  would  give 
10  divisions  of  deflection  on  the  galvanometer,  each  division 
representing  a  tenth  of  one  of  the  wire  graduations.  If  in  making 
fi  measurement  we  got  a  deflection  of  7  divisions  (c^)  to  the  left 
when  the  slider  stood  at  a  distance  a  from  the  end  of  the  wire,  and 
a  deflection  of  3  divisions  (cj)  to  the  right  when  the  slider  was 
moved  1  wire  graduation  beyond  a,  then  the  position  of  the  slider 
for  exact  equilibrium  would  be 

Tlie  galvanometer  can  thus  be  made  to  act  as  a  vernier;  and  the 
greater  the    deflection   produced  by  a  movement  of  the   slider 


KUOTBOMOnVE  FOBOE  OF  BATTERIES.  195 

through  one  diyision  of  the  graduated  wire,  the  greater  will  be 
the  aoooraoy  with  which  a  test  can  be  made. 

The  general  resnlts  that  we  arrive  at  from  the  foregoing  in- 
Testigations  are  as  follows : — 

Bett  Oanditiana  far  making  the  Test. 

220.  Let  the  slide  wire  a-f-^  be  a  fractional  valne  of  the 
reeistanoe  of  the  galyanometer  G3,  bat  not  so  low  that  it  is  less 

than  ^1  +  P  _ 

The  valaes  given  to  the  other  resistances  and  electromotive 
foToes  do  not  affect  the  sensitiveness  of  the  arrangement. 

Posrible  Degree  of  Accuracy  attainable. 

T>  X  r  C3G3IOO 

Peroentage  of  accnracy  =  -^-^ • 

221.  Mr.  Latimer  Clark  employs  a  platinnm-iridium  wire  of 
40  ohms'  resistance,  wound  spirally  on  an  ebonite  cylinder,  for  the 
slide  resistance.  The  edge  of  the  cylinder  being  divided  into 
1000  equal  parts,  and  there  being  twenty  turns  to  the  cylinder, 
the  whole  wire  is  divided  into  20,000  equal  parts.  By  employing 
with  this  instrument  (which  combined  with  the  batteries  and 
resistances  is  called  a  '*  Potentiometer ")  a  galvanometer  with  a 
high  figure  of  merit  (page  79),  and  a  standard  battery  Ej  of  one 
Daniell  cell,  a  1  division  movement  of  the  slider,  after  equili- 
brium has  been  produced,  will  produce  a  deflection  of  50  divisions. 
It  is  possible,  therefore,  with  the  apparatus  to  measure  an  electro- 
motive force  of  one  Daniell  cell  to  an  accuracy  of 

1  1 

th. 


20,000  X  50       1,000,000 


Potentiometer  Direct  Method. 

This  method,  which  is  an  exceedingly  simple  and  satisfactory 
one,  is  shown  by  Fig.  83.  a  b,  is  a  slide  resistance  (page  16),  E  is 
a  battery  of  constant  electromotive  force  connected  to  the  end  of 
a  6. 

A  standard  cell  E3,  is  first  connected  up  through  a  galvano- 

o  2 
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meter  G3,  as  shown,  and  the  slider  is  moved  until  the  galvanometer 
needle  comes  to  zero.    E3  is  now  removed,  and  the  battery  E,,  whose 


force  is  required,  is  connected  up  in  its  place ;  the  slider  is  then 
moved  until  equilibrium  is  again  produced  on  G3.  If  then  Oi  be 
the  new  value  of  a  corresponding  to  the  changed  position  of  the 
slider,  we  have 

E« :  E3  : :  a^  :  a, 

the  truth  of  which  is  obvious. 


(    197    ) 


OHAPTEE  VIIL 


THE  WHEATSTOKE  BRIDGE. 


222.  Thb  theoretical  arrangement  of  the  Wheatstone  Bridge, 
or  Balance,  is  shown  by  Fig.  84.  It  consists  of  four  resistances 
a,  by  d,  and  x^  arranged  in  the  form  of  a  parallelogram,  a  battery 
occupying  the  place  of  one,  and  a  galvanometer  the  place  of  the 
other,  diameter.     When  the  four  resistances    are   so    adjusted 


Fio.  S4. 


that  equilibrium  is  produced,  that  is  to  say,  when  no  current 
passes  through  the  galvanometer,  then  these  resistances  bear  a 
certain  relation  to  one  another.  This  relation  may  be  thus 
determined  :— 

When  equilibrium  is  produced,  then  since  there  is  no  tendency 
for  a  current  to  flow  between  the  points  A  and  C,  the  galvanometer 
may  be  removed  without  altering  the  strength  of  current  in  the 
other  parts  of  the  bridge ;  and,  further,  we  may  join  the  points  A 
and  0  without  affecting  the  strengths.  Let  us  first  suppose  the 
points  A  and  C  to  be  separated  ;  then  the  joint  resistance  given  by 
the  four  resistances  between  the  points  B  and  E  will  be 

^a  +  x){h  +  d) 
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If,  now,  we  join  A  and  C,  the  resistanoe  may  be  written 

ah  dx 


a4-h      d  +  X* 

which  must  be  equal  to  the  former  expressipn,  that  is, 

(a  +  x)  (h  +  d)  ^     ah  dx 

a  ^x  +  h  +  d  "  a  +  h      d  +  x' 

By  multiplying  up  and  simplifying  we  get 

a^d:i  +  h^x^  -'2ahdx  =  0  ; 
therefore 

or 

ad  ^  hx  -  Of 
that  is 

ad  =  hx, 
from  which 

ax 

h^d'    ' 

If,  now,  three  of  the  quantities  in  this  equation  are  known,  the 
fourth  can  be  determined ;  thus  : — 

ad 

'  In  the  most  general  form  of  bridge,  two  of  the  resistanoos  are 
fixed,  and  a  third  is  adjustable,  the  fourth  being  the  resistanoe 
whose  value  is  to  be  determined. 

As  a  rule,  a  and  h  are  the  fixed  resistances,  x  the  resistance 
whose  value  it  is  required  to  find,  and  d  the  adjustable  resistance. 

In  the  simplest  method  of  measuring  we  should  make  a  and  & 
of  equal  value,  in  which  case 

x  =  d; 

that  is  to  say,  the  resistance  between  A  and  E  when  equiUbrinm 
is  produced,  gives  the  value  of  the  unknown  resistance. 

It  is  absolutely  necessary  that  there  be  some  resistance  in  a 
and  &,  for  otherwise  the  galvanometer  is  short-circuited,  and 
equilibrium  will  apparently  be  always  produced,  no  matter  what 
rosistancos  we  have  in  the  other  two  branches. 


THE  WHBATSTONB   BRIDGE.  199 

223.  BesideB  using  equal  resistances  in  a  and  &,  we  can  make 
one  of  the  two  to  be  10  or  100  times  as  great  as  the  other ;  or,  in 
fisust,  any  mxdtiple  of  it  we  like,  but  multiples  of  10  are  those 
most  commonly  used.  If,  when  we  are  measuring  a  resistance  x, 
we  make  b  10  times  as  large  as  a,  then  every  unit  of  resistance 
in  d  represents  i^th  of  a  unit  in  x,  for  in  this  case 


"""  10' 

We  can,  therefore,  by  this  device  determine  the  value  of  a 
reedstanoe  to  an  accuracy  of  ^th  of  a  unit,  although  d  is  adjustable 
only  to  units.  In  like  manner,  if  we  make  6  100  times  as  large  as 
a,  then  every  unit  of  resistance  in  d  represents  tw*^  ^^  *  ^°^*  ^^ 
X ;  for  in  this  case 

d 
X , 

100 

and  we  can  thus  determine  the  value  of  a  resistance  to  an  accuracy 
of  xiir^^^  o^  ^  unit.  In  the  first  instance,  however,  the  value  of  d 
when  adjusted  would  be  10  times  that  of  a? ;  we  could  not,  there- 
fore, in  that  case  measure  a  resistance  whoso  value  was  greater 
than  -^th  of  the  total  resistance  we  could  insert  in  d ;  and  in  the 
second  instance  d  would  be  100  times  as  great  as  x ;  we  could  not, 
therefore,  in  that  case  measure  a  resistance  greater  than  y^th  of 
the  total  resistance  in  d.  In  fact,  the  larger  we  make  d  the  closer 
will  be  the  degree  of  accuracy  with  which  a  measurement  can  be 
made,  but,  at  the  same  time,  the  smaller  will  be  the  resistance 
which  can  be  measured,  unless  extra  resistance  coils  are  added  in 
between  A  and  E. 

There  is,  however,  a  limit  to  the  degree  of  accuracy  with 
which  a  resistance  can  be  thus  measured,  which  is  dependent  upon 
the  figure  of  merit  (page  79)  of  the  galvanometer ;  of  this  we  shall 
speak  hereafter. 

If,  now,  we  wish  to  measure  a  resistance  which  is  greater 
than  the  total  resistance  we  can  insert  in  (2,  we  must  make  a 
larger  than  h.  If  a  be  made  10  times  as  great  as  &,  we  can  then 
measure  any  resistance  which  is  not  greater  than  10  times  the 
resistance  we  can  insert  in  (2,  but  as  in  this  case  1  unit  in  d 
represents  10  units  in  a;,  we  can  only  be  certain  of  the  value  of 
X  within  10  units.  Similarly,  if  we  make  a  100  times  as  great 
as  6y  we  can  measure  any  resistance  not  greater  than  100  times 
dy  but  we  can  only  determine  its  value  within  100  units. 
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224,  The  practical  method  of  joining  up  one  form  of  the  brii 
(FigB.  6  and  7,  pages  13  and  14)  is  shown  by  Fig.  85. 
oonnections  are  made,  and  the  proper  plugs  removed  from  A  B  (i>) 
and  B  C  (a),  the  righl-hani  key  mimt  he  pressed  down  to  put  on 
the  battery  current.  Plugs  are  now  removed  from  E  A  (d)  nntU 
yr&  have  inserted  a  resiataaoe,  as  near  as  we  can  guese,  eqnal  to 


^\tWh 


the  resistance  we  are  going  to  meastirc  The  left-hand  (galvantv 
inct«r)  key  is  next  pressed  down,  and  plngg  removed  or  shifted 
from  E  A  (d)  until  no  movement  of  the  galvanometer  needle  is 
produced  upon  raising  and  depressing  the  key.  The  connections 
in  tho  case  of  the  set  of  coils  shown  by  Figs.  4  and  5  (page  12) 
would  he  similar  to  tho  foregoing,  hut  separate  keys,  in  circuit 
■with  the  battery  and  galvanometer  rospwctively,  would  have  to  bo 
employed. 

225.  If  the  galvanometer  used  is  a  very  sensitive  one,  with  a 
fine  fibre  suspensioQ,  tho  k«<y  must  not,  at  first,  he  pressed  firmly 
down,  but  only  snapped  down  sharply ;  for  otherwise,  if  equili- 
brium is  not  very  nearly  produced  when  the  key  is  depressed,  there 
is  a  danger  of  breaking  the  fibre  of  the  galvanometer  needle  by  the 
violent  deflection.  When,  however,  after  repeated  trials,  we  have 
very  nearly  obtained  equilibrium,  then  tho  key  may  be  firmly 
held  down,  and  the  final  adjuetmeut  of  plugs  made. 

226.  Fig.  86  shows  a  plan  of  the  internal  conneotioiis  of  the  ^ 
of  reeistauoe  ooila  which  were  ahown  in  general  new  b^  I 
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|wge  1-L  The  melUod  of  joiniDg  np  theso  coils  to  form  a  bridge 
would  be  as  follows : — The  resUtanoe  to  be  measured  is  connected 
Itetwcon  C  and  B,  tbe  "  Infinity  "  plug  between  the  two  being 
r«moved ;  the  galvanometer  is  joined  between  A  and  C ;  tbe 
bftttery  ia  connected  between  B  and  E,  The  "  Infinity "  plug 
between  A  and  D  is  inserted  firmly  in  its  place.  Besides  tha 
connections  referred  to,  it  is  neoessary  to  have  a  key  in  circuit 
with  the  galvanometer,  and  another  in  oirouit  with  the  battery. 

Fio.  86. 


idge^l 


In  this  form  of  bridge,  when  balance  ia  obtained,  we  have         _ 

Resistance  to  be  meaaored  =  E  t  • 

We  may,  if  we  please,  insert  the  reaistance  to  be  measured 
In^tween  terminals  A  and  D  instead  of  between  0  and  E,  a  plug 
Iring  inserted  between  the  latter,  and  the  plug  between  A  and  D 
Iving  removed;  in  thifl  caae,  when  balance  ia  obtained,  we  should 
h«v« 

Besiatance  to  be  measured  =  B  ~  • 

An  advantage  of  the  foregoing  set  of  coils  lies  in  the  fact  that 
there  are  only  five  plugs  to  be  shifted,  fur  the  insertion  of  these 
plugs  brings  the  resistances  into  circuit,  instead  of  sliort-cir- 
oniting  them  ua  in  the  ordinary  coils.  The  reading,  also,  of  the 
total  valtie  of  the  reeietanoe  in  oirouit  is  a  very  easy  matter,  aa 
miut  be  obvious. 

laasamch  aa  the  withdrawal  of  a  plug  causes  a  disconnection, 
i. «.  makes  B  =  00 ,  great.care  must  be  taken  that  the  galvanometer 
k^  ia  nu«cd   previous  to  shifting  a  plug,  otherwise  a  violeot .  ■ 
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I  deflection  of  Uie  galvanometer  needle  will  be  prodnoed ;  tbis 
L  renders  the  use  of  the  "  Dial "  pattern  objectionable  Id  certain  testa, 
[  eapeciolly  in  "  fanlt "  testing. 

The  "  Dial "  pattern  shown  by  Fig.  10.  §  18,  page  15,  is  in 
I  many  cases  a  very  satisfactory  instrument  for  ase  as  a  Wheatstone 
I  Bridge. 

CoSDlnOSS  FOB  AOCCKATB   MunjBEUEHTa. 

227.  Besides  the  method  of  joining  np,  as  sbovni  by  Fig.  85, 
we  may  alfo  join  up  by  placing  the  battery  between  A'  and  C, 
and  the  galTanomet»r  between  B'  and  E ;  this,  under  certain 
conditions,  renders  the  action  of  the  gulyanometcr  more  seDsitivo 
than  by  the  common  arrangement.  What  these  conditions  an), 
and  what  should  be  the  general  arrangement  of  the  resistances  in 
the  bridge  in  order  that  a  test  may  be  made  nnder  the  host 
possible  conditions  for  ensuring  accuracy,  we  will  now  prooood  to 
consider. 

I'o  investigate  these  qaeations  it  is  first  of  all  neoessary  to 
find  what  relation  the  current  which  flows  through  the  galvano- 
meter when  equilibrium  is  not  produced,  bears  to  the  differ 
resiataaces  which  make  up  the  bridge. 

Pm.  87. 


i\im\- 


In  Fig.  SI  let  a,  b,  rf„  a:,  r,  and  r/  be  the  reaistauces  of  the 
different  parts  of  the  bridge,  also  let  c„  Cj,  c^,  c^,  e„  and  c,  be  the 
current  strengths  in  the  same,  and  let  F  bo  the  eleotromotij 
force  of  the  battery. 

Applying  KircliutTa  laws  {page  109),  we  got  the  followioel 


Tomotix^^ 
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equaiionB  a8  xepreeenting  the  oonneotion  between  the  resistances, 
oarreut  strengths,  and  the  electromotive  force  : — 


<^  —  Cj  -  Ca  =  0. 

C4  -  <^6  -  ^a  =  0. 

Cs  +  «•  -  «a  =  0. 

OfX  +  Cgdj  +  Cjk  —  E  =  0. 

e^a  —  cji>  —  c^g  =  0. 


1 
6' 


From  these  equations  we  have  to  find  the  value  of  c^,  the  current 
flowing  through  the  galvanometer. 

By  finding  the  value  of  e^  from  equation  [1]  and  substituting 
its  vilue  in  equations  [2]  and  [5]  we  get  rid  of  C| ;  and  in  like 
manner,  by  finding  the  value  of  Cj  from  equation  [3]  and  substi- 
tnting  throughout,  we  get  rid  of  Cj.  By  adopting  the  same  process 
with  respect  to  c,  and  e^  we  shall  finally  get  equations  [5]  and  [6] 
to  become 

c^a  -  c,a  -  cei  -  c^i/  -  (a  +  6)  ^  "^^ ^  ^^^  =  0.         [6] 

c,^  +  0^-  id,  +  X)  ^^^f^'''=  0.  [6] 

From  these  two  equations  we  get 

e^{r(d,+x)+x{h+dj)}       ^-c^Qfg+d^g+hx+hd.^+^d^+x)     r„. 
e^{r(a  +  h)+a{h+d,)}  "  c,(ad,+bd,+bg+d,g)+B(a+h)        ^  ■' 

from  which 

E  (ad,  —  bx) 


g  lid^+xXb+dO+Ha+b+d^+x)]  +r(di  +  xXa+b)+bd^(ai-x)+<uib+d^)'-B^   ^^^ 

This  equation  gives  the  strength  of  the  current  which  would 
flow  through  the  galvanometer  if  the  resistances  were  arranged  as 
shown  by  Fig.  87. 

228.  Suppose  now  the  battery  occupied  the  place  taken  by  the 
galvanometer  and  ffice  verad^  or,  in  other  words,  suppose  the  gal- 
vanometer connected  the  junctions  of  a  with  6,  and  d,  with  x^ 
and  the  battery  connected  the  junctions  of  a  with  a;,  and  h  with  d^, 
then  the  current  (cj)  flowing  through  the  galvanometer  would  be 

E  (acf,  -  6a;) A     .g} 

9  I  (<ii+«X«+*)+<«+H<li+»)  J  +f(*+rf,Xo+ar)+a6(d,+aj)+d,»(a+6)-B,    '■ '' 
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If  we  subtract  equation  [9]  from  equation  [8]  we  get 


and  if  in  (B^  —  Bi)  we  substitute  the  yalne§  of  B,  and  Bj  given 
in  equatiouB  [8]  and  [9],  respectively,  and  then  multiply  wp, 
cancel,  &q,,  we  finally  get 

«.-",  =  5^(S -■■)(• -'!)(•-')■ 

In  this  equation,  if  (?  ie  larger  than  r,  and  both  a  and  2  am 
reepectiTely  larger  or  smaller  than  d^  and  6 ;  or  if  r  is  greater 
thau  g  and  at  the  same  time  both  a  and  b  are  greater  than  d,  and 
X,  then  Cg  —  c,  will  bo  a  positive  quantity,  that  ie,  c^  will  be 
greater  than  c,. 

But  Ce  ia  the  current  obtained  by  the  airangement  of  the  bridg* 
indicated  by  Fig.  87 ;  and  on  examination  it  will  be  found  that 
when  the  resifitanoos  have  the  relative  magnitudes  indicated,  the 
greater  of  the  two  resistances  g  and  r  connects  the  junction  of  the 
two  greater  with  the  junction  of  the'two  lesser  resistanoea:  oon- 
Bcquently,  as  this  arrangement  gives  the  greatest  ouirent  throng 
the  galvanometer  when  cquilibriom  is  not  produced,  it  mu^t  be  &B 
beet  one  to  employ. 

In  practice  it  is  almost  always  the  case  that  the  galvanometer 
has  a  higher  rcBistaiico  than  the  testing  battery. 

229.  We  have  next  to  consider  what  ehonld  be  the  relative 
values  of  a,  b,  d,  and  x,  in  order  that  the  bridge  test  may  be  made 
under  the  Ijcst  possible  conditiouf. 

There  are  several  different  cod  si  derations  involved  in  these  ques- 
tions,  but  we  will  investigate  tbo  problem  from  a  general  point  of 
view  first. 

Bkjnaticn  [6]  (page  203)  shows  the  relation  between  the  current 
and  the  resistanoes.  In  this  equation,  as  equilibrium  is  very  nearly 
produced,  we  may,  except  where  differences  are  concerned,  pn^^^H 

ad,  =ad=:hic,    or,    b  =  — ,  ^^H 

d  being  the  adjnsteii  resifltance  when  eqiiilibrinm  is  exactly 
produced. 

We  then  get 

,  _ Eir(od,-6.) 

'^  -  [g{a  +  a)  +  a{d  +  <c)]   [r(d  +  ») +  d(a+«)} "     L*J 
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Let  118  now  suppose  that  the  error  in  dj,  which  causes  the 
current  e^  produces  an  error  X  in  a;,  or  that 


and  as 


«  +  X=— 5-i,  or,    adisshx  +  hkf 

0 


X 


therefore 

EadX  _^__ 

^^  {g{a  +  x)+a{d  +  x}}  {r(d  +  x)  +  d{a  +  x)} 

EX 


[d+g+x+^^^  |r  +  a  +  «  +  !j| 


[2] 


or 


X  =  |{d  +  l,  +  «  +  ^^}  {r  +  «+«  +  ^j.  [3] 

Now  our  object  is  to  make  X  as  small  as  possible,  and  this  we 
shall  do  by  making  the  error  in  d  as  small  as  possible.  But  the 
accuracy  with  which  we  can  adjust  d  is  limited  by  the  degree  of 
closeness  with  which  the  movement  of  the  galvanometer  needle 
from  zero  can  be  observed.  In  other  words,  if  c^  is  the  smallest 
current  which  will  produce  a  perceptible  deflection  on  the  galvano- 
meter, that  is  to  say,  if  c^  is  its  "  figure  of  merit "  (page  79),  then 
the  value  of  X  which  corresponds  to  Cg  will  be  the  amount  of  the 
error  which  we  are  likely  to  make  in  x. 

If  we  write  equation  [3]  in  the  form 

X  -  E  t^] 

we  can  see  that  X  is  smallest  when  the  numerator  of  the  fraction 
is  smallest,  and  we  must  determine  the  values  of  d  and  a,  which 
make  this  numerator  as  small  as  possible. 

In  order  to  do  this  let  us  simplify  the  above  equation  by 
puttuiff 

(,  +  ,  +  ^).x.«.a.(,-^^-,).Y, 
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we  then  get 


E 


or 


^^^Y  +  X +(4+^)1 


». ^ r^ '•  [A] 


From  this  equation  we  can  see  tbat  to  make  X  as  small  as  pos- 
sible we  mnst  make 


^+  a 


as  small  as  possible. 
Now 


and  in  order  to  make  the  right-hand  side  of  the  equation  as  small 
as  possible  we  must  make 

as  small  as  possible ;  that  is  to  say,  we  must  have 


from  which  we  get 

that  is  to  say,  we  must  make  d  equal  to  the  geometric  mean  of  the 
quantities  (<?  +  <r  +  ^*)  and  (-^^. 

Now,  although  the  value  "d  =  VX  Y"  ia  one  which  gives  a 
minimum  value  to  X,  yet  it  is  not  the  value  which  makes  X  an 
absolute  minimum,  for  X  and  Y  both  contain  the  variable  quantity 
a.  In  order,  therefore,  to  make  X  an  absolute  Tniniipi^m^  we  must 
determine  what  value  a  should  have. 
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If  in  eqiiation  [A]  we  put  d  =  VX  Y,  we  get 


e^rx 


X  = 


E 


e^rx 


Y  +  X  +  2Vxt|      cr.jl  +  ^}' 


( 


[B] 


E  -  B 

In  Older  to  make  X  an  absolate  minimmn,  we  can  see  ihat  we 

most  make  y  ^  minimum.   Now 

\r  +x-]'a/ 

■-+ 


=fh  <'+•>!""  ii^) 


oonaeqnently  we  can  see  from   the  reasoning  in  the  previous 
investigatioD,  that  to  make  y^  minimum  we  must  make 


a=./(r  +  x)-l^ 


[C] 


Having  now  obtained  the  required  value  of  a  in  terms  of  the  known 
quantities,  r,  g,  and  x,  we  can  also  determine  the  value  of  d  in  terms 
of  r,  gy  and  x ;  for  we  have 


g  +  x  + 


gx 


rx 


V 


/(r  +  x)gx{  \r  +  x  +      /  {r  +  x)gx\ 
Vl7  +  a  V^  +  a 


(^+a^)V*'+g+V(<^+a?)ya;|  J 


V^  +  « 


rx^g-^x 


Vr+(c)    s'-r        -r  -r     ^   lyr+x^g+x+^gx 
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or  ^\ 


^=\/(?+*)^-  [D] 


If  we  multiply  equations  [C]  and  [D]  together,  (r  +  x)  aad  (g+x) 
canoel  out,  and  we  get 


4 


that  is 

230.  Although  equatioaa  [C]  and  [D]  show  the  values  of  o  and 
d  which  are  necesBary  for  making  the  error  X  an  abeolate  minimum, 
yet  practically  we  may  make  both  a  and  d  to  vary  considerably 
from  these  exact  values  without  increasing  k  to  any  great  extent 

As  regards  d  it  is  preferable  to  make  it  as  high  as  possible,  so 
that  its  range  of  adjustment  maybe  as  high  as  possible.  Baferring 
to  equation  [4]  (page  205),  we  have  proved  that  for  an  absolnte 
minimum  we  must  make  d  equal  to  the  geometric  mean  of  the 

quantities   (g-f-  x  +  S^]  and   ( ),    consequently     we 

\  a  /  \r  +  ai  +  a/ 

can  see  that  in   this  oase  d  must  be  less  than  (g-\'X  -{.  ?-^\. 

If  we  suppose  the  value  of  d  for  a  minimum  to  be  very  small 

compared  with  [g-\-  ic  +  —  j,  then   we  can   see   that  eveo    if 

we  increase  d  up  to  an  equality  with  f  (^  -j-  z  -|-  ^j,  we  can- 
not increase  \  beyond  twice  its  minimum  value,  especially 
if  we   consider  that  by  increasing  d  we  diminish  the  value  o{ 

If   we    only    increase    d    n[i    to    g    -\-  x. 


then  K  will  of  course  be  increased  still  less.  Should  the  valne 
of  d  for  a  minimum  happen  to  be  only  a  little  less  than 
(g-i-x-i-?^\  then  of  course  the  increase  of  d  referred  to  will 

have  but  little  effect  on  A,     In  any  caso,  however,  by  keeping  d 
below  g-i-x,  the  increase  in  X  must  be  less,  and  may  be  consider- 
ably less,  than  2  X,     The  importance  of  this  fact  maybe  B9eni| 
suppose  g,  x,  and  r  to  have  the  following  values  :- 

e  =  1,  r  =  100: 
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then  for  the  minimum  we  must  make 


d  =  .7(4899+  l)122Ai  =  70; 

V  "^  ^  100  -f  1 

but  we  have  proved  that  if  we  may  make  "d  =  (4899  +  1)  = 
5000,"  then  by  so  doing  we  cannot  possibly  increase  X  to  more 
than  2  X,  and  actually  the  increase  must  be  to  less  than  2  X. 

We  next  have  to  consider  to  what  extent  we  may  vary  a.     To 
do  this  let  us  write  equation  [3]  (page  205)  in  the  form : — 


Xrr 


E 


From  this  equation  we  can  see  that  i£d  has  the  value  necessary 
to  make  X  a  minimum,  then  as  long  as  we  do  not  make  a  less  than 

-^ —  we  cannot  possibly  increase  X  to  more  than  2  X.    But  then 

the  question  arises — Suppose   we  have  already  increased  X  by 
making  d  as  great  as  ^  -f-  a;,  under  these  conditions  what  will  be 

the  effect  of  also  decreasing  a  to  -^ —  ? 

g  -^  X 

If  we  refer  to  the  last  equation,  we  can  see  from  the  investi- 
gation made  in  the  case  of  equation  [4]  (page  205),  that  the 
value  of  a  which  makes  X  a  minimum  must  be 


«  =  \/('-+«T)(F+^d) 

and  this  value  is  one  which  makes  X  a  minimum  whatever  be  the 
value  of  d,  though  to  make  X  an  absolute  minimum  we  must  also 
have 


^  =  \/(l7+«)r 


rx 


NoW|  if  we  increase  d,  we  can  see  that  to  make  X  a  minimum  we 
shall  have  to  decrease  the  value  of  a,  for  by  increasing  d  we 

decrease  both  (r  +  x  +  ^  j  and  (  ,^^j— 7)  I  consequently  a  de- 
crease in  a  after  d  has  been  increased  will  tend  to  decrease  again 
the  increased  value  of  X.  We  cannot,  however,  bring  back  X  to 
its  original  absolute  minimum,  although  we  may  bring  it  near  to 
it ;  for  after  a  certain  point  the  decrease  in  the  value  of  a  causes 

p 
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le  a  l«n     I 


A  to  increase  again ;  as  long,  however,  aa  we  avoid  making  a  1< 
than  —  ^    tluB  LiicreaBe  cannot  be  groat. 

Ah  the  value  which  d  has  must  dopond  npon  the  value  given 
to  6,  therefore  after  we  have  determined  what  values  to  give  to 
a   and  d,  we  must  ascertain  tbe  value  of  b  itom  the  eqaation 


For  example. 

[  It  heing  required  to  measnre'exactly  a  resistanco  x,  whose  value 
was  fonnd  by  a  rough  test  to  be  about  600  ohms,  a  teu-cell  Daniel! 
battery  (E  =  10'7),whoBe  reeietance  was  200  ohms(r),waa  used  for 
the  purpoee,  and  also  a  galvanometer  whose  resistance  was  5000 
ohms  (ff)  and  figure  of  merit  '000,000,001  (c,).  What  r^eifllances 
should  be  given  to  the  arms  a  and  6  of  the  bridge  in  order  that  the 
test  may  he  made  under  the  most  favourable  oonditionB,  also  what 
percentage  of  accuracy  would  be  obtainable  under  theae  oondi- 
tiona? 

fl!  =  600 

ff  =  6000 

r  =  200; 
therefore 

also  we  must  have 


In  practice  we  could  make  d  as  high  as  S600  ohms  (g  +  x),  and 

o  as  low  as  450  ohms  I    ^        1,  without  seriously  increasing  X. 

Supposing,  however, we  actually  gave  a  and  d  their  heat  valiw 
then  by  equation  [3]  (page  206)  we  should  have 


I   200  +  660  +  600  + 


890 +  6000 +  500  + - 
500  X  200  1 
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ihat  ia  io  say,  we  may  be  *0014  units  out  when  we  measure  x 

•0014  bc  100 
ocactly ;  this  is  equiyalent  to  an  error  of -— ^ =  '0003 per 

yesaL  approximately. 

In  <nrder  to  make  the  test  as  aocurately  as  this,  it  would  be 
leoeeaary  that'  d  be  adjustable  to  a  small  fraction  of  a  unit ;  if  we 
«all  ^  the  value  of  the  latter,  then  we  should  have 


and 


ill6K6fbrB 


ad 


=  -T^f  or,  <^  =  ^ 
0  a 


We  therefore  haye 

._1000xj^014_.^.o 
*      600 ^^^' 

showing  that  d  ought  to  be  adjustable  to  *  003  of  an  ohm  or  less. 
[f  we  make  it  adjustable  to  '001  or  ttAht^  ^^  ^^  ohm  therefore,  we 
shall  be  able  to  make  the  test  properly. 

231.  The  facts  we  have  arrived  at  by  the  foregoing  investiga- 
tion are  these,  that  with  a  =  560  ohms  and  6  =  1000  ohms,  then 
irhen  equilibrium  is  exactly  produced,  an  alteration  in  the  value 
)f  d  equal  to  *  003  of  an  ohm  (which  quantity  would  mean  an  error 
^  of  '0014  units,  or  '0003  per  cent,  approximately,  in  x)  would 
produce  a  perceptible  deflection  (1  division)  on  the  galvanometer. 

We  have,  then. 


Best  Conditions  for  making  the  Test. 

282.  First  make  a  rough  test  to  ascertain  approximately  the 
ralue  of  X. 

Hake  d  not  greater  than  ^  +  a?,  or  less  than    /(g  +  x)  -^1^ 

W  r-f  a' 

md  preferably  make  it  as  near  to  the  latter  quantity  as  possible, 

provided  the  range  of  adjustment  of  d  is  not  reduced  to  too  great 

in  extent  by  so  doing. 

p  2 
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Make    a    not     less     than    _  ^  ^  and     not     greater     thta 

g  +  X 

\J  (r  +  ii;)X?-  and  preferably  make  it  as  near  to  the  latter 
quantity  as  poeeible  in  tlie  case  where  d  is  mude  nearly  equal  b) 
*  /  (3  -|.  a:)  ^-^— ;  but  if  J  ia  made  more  nearly  equal  to  ff  +  ^ 

then  a  should  preferably  be  made  more  nearly  equal  to  — — —  • 

It  is  clearly  advantageous  that  E  ahouki  bo  as  large  and  t  u 
small  as  possible. 


t 


Pomble  Degree  of  Accttracjf  attaintAU. 

Percentage  of  accuracy  = -,  where 

^''^{d+s +'  +  "-'}  {r  +  a  +  .+  '-^j. 

Cg  being  the  figure  of  merit  of  the  galvanometer. 

In  order  to  obtain  this  percentage  of  aooanu^,  d  must  be  sd- 

iuBtablo  to  not  less  than  —  unite,  or th  of  a  unit. 

(^) 

233.  In  the  foregoing  investigation  we  have  considered  the 
exact  conditions  required  for  a  Maximum  degree  of  accuracy,  and 
wo  have  seen  that  in  order  to  attain  this  it  is  uooessary  that  <1  be 
adjustable  to  a  fraction  of  a  unit.  At  the  commenoement  of  the 
chapter  (g  223,  page  198),  however,  we  saw  that  if  d  is  only  ad- 
JHstalile  to  units,  then  in  order  to  obtain  the  greatest  possible 
Bcourooy  we  should  make  d  as  much  larger  than  x  as  poaseible,  as 
by  so  doing  we  got  a  great  range  of  adjustment.  Bnt,  as  we  also 
stated,  there  is  a  limit  to  thus  increasing  d,  for  unless  vie  are  able 
to  adjust  d  accurately,  we  can  gain  nothing  by  having  the  range 
of  adjustment  eo  large.  Nl>w  to  adjust  d  wo  note  tlie  deflection  of 
the  galvanometer  needle,  and  when  this  becomes  0  we  know  that 
d  is  adjusted  exactly  right ;  but  if  an  alteration  of  several  units 
produces  no  perceptible  effect  on  the  deflection  we  may  just  as  well 
have  d  of  a  smaller  value.  Thus,  suppasing  we  have  6  10  times 
OS  great  as  a,  that  is  d  10  times  x ;  then  if  an  alteration  of  10  onits 
in  d  only  just  affects  the  galvanometer  needle,  it  is  evident  that  w 


entth^jj^ 
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cannot  adjust  d  to  a  doser  acooracy  than  10  nnits,  and  consequently 
we  cannot  obtain  the  valne  of  a;  to  a  closer  accnracy  than  1  unit. 
If  we  have  6  eqnal  to  a,  that  is,  d  eqnal  to  x,  then  if  we  can  adjust 
d  within  1  unit,  we  shall  in  this  case  obtain  the  value  of  a;  to  an 
aoooracy  of  1  unit,  that  is,  with  just  as  much  accuracy  as  we  could 
in  the  first  case,  when  d  was  10  times  x.  It  is  even  possible  that 
we  could  obtain  the  value  of  x  more  accurately  in  the  latter  case, 
for  it  may  be  that  an  alteration  of  1  unit  in  d  when  b  equals  a  may 
produce  a  much  greater  movement  of  the  galvanometer  needle  than 
does  the  alteration  of  10  ohms  when  b  is  10  times  a.  Whether  this 
is  so  or  not  is  a  point  we  have  to  determine. 

We  have  also  to  find  what  should  be  the  absolute  values  of  a 
and  h. 

We  have  seen  that  in  order  to  obtain  accuracy  it  is  necessary  to 
make  d  as  high  as  possible,  but  the  highest  useful  value  we  could 
give  to  d  would  be  that  which  produces  the  smaUeai  perceptible  deflection 
when  it  is  one  unit  out  of  <»dju8tment, 

Now  if  X  be  the  error  in  x  caused  by  d  being  1  unit  of  adjust- 
ment, we  must  have 

«  +  X- g -T  +  6'  ^^^ 

and  since 

ad  ax 

therefore 

ad  a  d      X 


or 


X-- 


We  have,  then,  from  equation  [2]  (page  204) 

From  this  equation  we  have  to  determine  the  highest  value  we  can 
give  to  d ;  this  will  be  limited  by  the  "  figure  of  merit "  (page  79) 
of  the  galvanometer,  and  also  by  the  value  of  a.  Let  us  write  the 
above  equation  in  the  form 

'a. 


UttUUU  111  Uio  luriu 

'  '(         g  +  x  +  d) 
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E 
Now  sinoe  —  is  a  fixed  qnantiiyy  therefore  in  order  ihatdmay 

9  ^t 

have  as  large  a  value  as  possible  we  must  give  a  suoh  a  yalne 

that 

is  as  small  as  possible.    From  the  inTSstigation  given  in  §  229 
(page  204)  we  oan  see  that  if  we  make  a  as  low  as  possible,  bat 

not  lower  than,  say,  —, — ^  then 


|a  +  r  +  aj  +  ^  Ja+ gx^ 

I        g  +  x- 


^  +  0?+  d 


will  be  very  olose  to  its  minimum  value,  no  matter  how  high  d  may 
be. 

For  the  purpose  of  determining  the  actual  numerical  value 
which  d  oan  have,  let  us  write  equation  [B]  in  the  form 

U  +  g  +  x+^\{d+        '"'       \=    -^^ ,; 

|a-ry-r»-r  ^f  {"^-^r  +  x  +  a)       e^{r  +  x  +  a) 

this  equation,  being  an  ordinary  quadratic,*  would  enable  the 
value  of  d  to  be  obtained  in  terms  of  the  other  quantities  in  the 
usual  manner,  but  inasmuch  as  we  only  require  to  determine  the 
value  of  d  within,  say,  10  per  cent.,  it  is  a  much  simpler  and 

*  The  Bolation  of  the  quadratic  equation  is  aa  follows : — 
Let 


a 
rx 


r  +  «  +  a 
Eos 


=  B, 
=  K, 


then  we  get 

therefore 

or 


c^ir  +  x  +  a) 
{d  +  A]  {ci  +  B}=K, 
cP  +  ci(A  +  B)  =  K-AB, 


d.  +  d(A  +  B)  +  (^)'=K-AB4.^'-^'f  +  "'  =  «+<^-°y. 


therefore 


,  _  V4K  +  (A-By     A+J  _  V4K  +  (A-By-(A  +  B) 
2  "2  2  • 
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shorter  operation  to  adopt  the  **  trial  '*  method ;  that  is  to  say,  to 
give  d  different  Talnes  until  we  arriye  at  one  whieh  approximately 
Batiafies  the  equation. 

Fareaample. 

Suppose^  as  in  the  last  example, 

E=  10, 

X  =  500  (from  a  rough  test), 
g  =  5000, 
r  =  200, 
e^  =  •  000,000,01 ; 

then  make  a  =  600; 
we  then  get 

Jd  +  5000  +  500  +  ^^^^^^i  ld+     ^^  X  ^QQ    I  = 

r^  ^        ^        600        I    1    ^200  +  600  +  600) 

10x500 

•000,000,01  (200  +  600  +  600)  * 
or, 

{d  +  10,500}  {d+  83-3}  =  4,170,000,000. 

If  we   make  d  =  60,000  we  shall  very  nearly  satisfy  the 
equation,  for 

{60,000  +  10,600}  {60,000  +  83*3}  =  4,236,000,000. 

As  the  value  which  d  will  have  will  depend  upon  the  value 
given  to  6,  the  latter  must  be  made  equal  to 

6  » ^QQ  X  ^Q'QQQ  =  60.000. 

600  • 

As  regards  the  PombU  degree  of  accuracy  with  which  the  test 
can  be  made,  we  have  seen  on  page  213  that 


we  therefore  have 


500  ^^„„ 

X  = =  •0083, 

60,000  ' 


which  equals 

:^?§^i20=. 0017  per  cent; 

this  compares  un&vourably  with  the  result  obtaiu^  when  the 


to  i^^thofa 

being  '0003 

lAiQiUgatioii,  we  have 


tiktTi 


224u  XuesK:iaw^wwKa2&.^«l»ollo«wtliftn-i^ 

9  + 
Xirfs  ^  K  incx  V  WKsfe,  ¥iBi  Bflt »  ki^  tint 


'S,  t«c3x^bfr  ££<c«ef  ikscis  of  tke  gplraBonefeer. 


a^ioo   100 

PeroeBta^ofacconMT'  = =  -j-- 

If  we  sake  d  ^jostable  to  any  partknlar  fraction  of  a  nnit, 
we  can  tell  tbe  degree  of  accmacr  with  which  x  oonld  be  measured, 

fvT  if  in  equation  ^A^  (page  213)  we  put  -  instead  of  1,  we  get 

ud 
and  equation  [B]  (p^ge  213)  becomes 

I        ^  all         r+z  +  a]       m  e^{r  +  x  +  a)     "■ 

If  in   this  last  equation  we  give  to  -  the  fractional  value  to 

which  d  is  adjustable,  we  determine  the  degree  of  accuracy  with 
which  we  can  make  the  test. 

For  example, 

Suppose  d  was  adjustable  to  ^th  of  a  unit  l-\  then  We  have 

(giving  to  X,  a,  g,  and  r  the  values  used  in  the  previous  examples) 

{d  +  10,600}  {d  +  83-3}  =  417,000,000. 
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K  we  make  d  =  16,000,  we  shall  very  nearly  satisfy  the  equa- 
tion, and  the  percentage  of  aoouraoy,  X',  with  which  x  would  be 
meaBured  would  be 

— i  X  100   lOQ      100 

V  =  ?L» =  i^  =  ,,  ^y^,,,  =  •  00062  per  cent. 

^  ^         X  nd       lOx  16,000  ^ 

235.  At  the  commencement  of  the  chapter  (§  223,  page  198), 
we  saw  that  by  making  b  10  or  100  times  as  great  as  a,  and  con- 
sequently d  10  or  100  times  as  great  as  x,  we  were  enabled  to  measure 
fl?  to  an  aconraqy  of  ^th  or  rhs^  ^^  ^  ^^^^9  although  d  was  ad- 
justable to  nnits  only.  Every  unit  in  d,  in  fact,  represented  ^th 
or  x^th  of  a  unit  in  x.  But  to  measure  to  an  accuracy  of  Tv^th 
of  a  unit,  with  the  forms  of  bridge  shown  in  Chapter  II.,  pages 
12,  13, 14,  and  15,  the  resistances  in  a  and  b  have  to  be  10  and 
1000  respectively,  we  have  no  other  choice.  In  the  investigation 
we  have  made,  we  have  seen  that  a  should  be  not  less   than 

g  X 

— -— ,  but  in  the  bridge  as  usually  arranged,  if  we  wished  to 
jf   i"  •*' 

have  a  and  h  in  the  proportion  of  1  to  100,  so  that  we  could 
measure  to  the  accuracy  of  y^th  of  a  unit,  we  might  find 
that  we  should  have  to  very  considerably  transgress  the  rule  of 

not  making  a  smaller  than  — — ,  unless,  indeed,  x  were  a  low  re- 
s' +  » 

Bistance ;  for  inasmuch  as  we  could  adjust  the  resistances  in  the 
bridge  so  as  to  theoretically  measure  a  resistance  of  100  ohms  to 
an  accuracy  of  rJiy*^  of  a  unit,  if  the  resistance  were  as  high,  or 
nearly  as  high,  as  100,  it  might  be  10  times,  or  nearly  10  times, 
as  high  as  we  could  make  a.  Under  these  conditions,  then,  the 
bridge  is  not  in  a  favourable  condition  for  ensuring  an  accurate 
test. 

We  say  it  is  not  in  a  favourable  condition  for  ensuring  accuracy, 
but  it  does  not  follow  therefore  that  we  cannoi  measure  a  resistance 
of  100  ohms  accurately  to  an  accuracy  of  y^th  of  a  unit  with  such 
an  arrangement.  A  galvanometer  if  it  has  a  high  figure  of  merit 
may,  although  the  conditions  are  unfavourable,  still  give  a  sufficient 
deflection  to  enable  us  to  exactly  adjust. 

What,  then,  it  may  be  asked,  is  the  practical  value  of  the  results 
we  have  theoretically  arrived  at  ?  The  value  is  this :  if  we  find 
we  have  not  got  sufficient  sensitiveness  to  obtain  a  good  test,  then 
we  can  see  what  may  be  the  cause  of  it,  and  therefore  how  we  can 
remedy  it.    The  results  further  show  that  the  values  given  to  a 


i 


t 
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and  6  la  the  bridges  as  ordinarily  arranged  are  BQch  tbat  only 
certain  roHistanoes  nan  be  meaenred  nnder  tbe  best  conditione  for 
ensuring  aconracy. 

236.  It  should  not  bo  overlooked  that  the  oonditiona  for  ob- 
taining a  good  test  are,  to  a  very  great  extent,  dependent  npon  the 
reeistanoe  of  the  galvanometer  used,  since  the  value  which  a  mtut 
have  is  dependent  upon  both  g  and  i.  But  it  must  not  therefore 
be  imagined  that  wo  can  make  these  conditions  anything  we  please 
by  employing  a  galvanometer  of  alow  reslBtance,  for  snob  galvano- 
meters havD  a  low  figure  of  merit,  and  consequently  what  is  gained 
du-ectiou  by  having  g  low,  is  more  than  counterbalanced  by 
having  the  figure  of  merit  low.  It  must  ho  evident,  then,  that  the 
whole  question  of  the  accuracy  with  which  a  bridge  test  can  be 
made  is  dependent,  in  the  first  instance,  upon  both  the  rosistaiiao 
and  figure  of  merit  of  the  galvanometer,  and,  as  we  shall  see,  is 
certain  cases  it  is  absolutely  neceaaary  that  the  resistanoe  be  vety 
low,  although  the  figure  of  merit  has  consequently  to  be  low  alaou 

I  Measuremeni'  of  a  Besistance  when  exact  EgoiLiBKinii  caitbot 


237.  It  very  often  happens,  especially  whea  measuring  smaU 
( Tesistauccs,  that  exact  equilibrium  jcannot  be  obtained  in  tlia 
L  bridge  1  thus  one  unit  too  much  in  d  may  give  a  deflection  to  ana 
side  of  zero,  and  one  unit  too  little,  a  defieotion  to  the  other  side 
of  zero,  and  as  no  neaier  adjustment  can  be  made,  tlie  exact  valne 
of  x  is  not  directly  determinable.  If,  however,  the  values  of  the 
deflections  be  noted,  the  true  value  of  a  can  be  obtained  very 
closely. 

On  page  203  we  have  an  equation  [8]  which  gives  the  value  of 
the  current  (c,)  passing  though  the  galvanometer  when  equilibrium 
is  not  produced. 

Let,  then,  c'  be  the  current  which  produoos,  say,  a  left-hand 
deflection  of  the  galvanometer  needle,  and  let  this  current  be 
caused  by  d  being  too  small ;  also  let  c"  be  the  current  which 
proiiucea  a  right-hand  defleotion,  and  let  this  current  be  caused  by 
d  being  too  large.  Then  if  d'  and  d"  be  tbe  smaller  and  larg«r 
resistances  respectively,  we  have  two  eqoations,  vib.,  ^^M 

ad'—bx  „„,  ad"—bx  ^H 

where  B'  and  B"  are  quantities  correspoDtUtig  to  B,  in  equation 

[8]. 
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NoWy  nnoe  d*  and  d"  are  Tory  nearly  equal,  B'  and  B''  may  be 
taken  as  being  equal  without  sensibly  idtering  the  relative  valnes 
of  «'  and  €^ ;  therefore  we  may  say 


that  is, 
or 


X     =    ^ !— ~    • 

6  (c'  +  e") 


Bat  as  dT  woold  be  only  1  nnit  larger  than  d',  that  is,  as 

dr  =  d'  +  l, 
ihfliefore 

^  _  aCddt+<f  +  e"dr^  _  a(d!(i/  +  €r)+c^)  ^a(^     ^\ 

Far  example, 

a  and  h  being  10  and  1000  ohms  respectiyely,  when  d'  was 
adjusted  to  156  ohms  a  deflection  of  15  divisions  (c')  was  obtained 
to  one  side  of  zero,  and  when  d'  was  increased  to  157  ohms,  a 
deflection  of  20  divisions  (c")  to  the  other  side  of  zero,  was  observed. 
What  was  the  exact  value  of  a;  ? 


«  =  .i^^fl56  +  ^ ,  ^.^     \  =  1-5643  ohms. 
1000  V  15  +  20/ 


Slide  Besistance  Coils  Bridge. 

238.  Instead  of  fixing  a  and  h  and  varying  d,  we  may  make  a  a 
fixed  resistance,  and  6  -j-  d  a  slide  resistance,  and  vary  the  ratio  of 
6  to  d.  Either  a  slide  wire  or  a  set  of  slide  resistance  coils,  such 
as  that  indicated  by  Fig.  11  (page  16),  may  be  used.  The  former 
would  be  employed  if  6  -|-  d  is  required  to  be  a  low  resistance,  the 
latter  if  a  high  resistance  is  necessary. 

A  set  of  coils  allows  of  but  few  different  ratios  being  given  to  h 
and  d,  unless  indeed  the  number  of  coils  is  very  large,  which 
would  be  both  a  cumbersome  and  an  expensive  arrangement.  The 
late  Mr.  Yarley,  by  means  of  a  movable  derived  circuit,  reaching 
across  two  of  the  coils,  devised  a  means  of  subdividing  each  of  the 
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latter.  This  arrangement  is  shown  by  means  of  Figs.  88  and  89 
(page  222).  Beferring  to  Fig.  88,  let  ns  suppose  that  equilibrinm  is 
produced  so  that  no  current  circulates  through  the  galyanometer. 
This  being  the  case,  the  points  G  and  A  may  be  joined  without 


m\t\ 


altering  the  current  strengths  in  the  various  circuits.  Let  us  sup- 
pose this  junction  to  be  effected ;  then  by  applying  Eirdhoff*s  laws 
(page  169),  we  have  the  following  relations  existing  between  the 
current  strengths  and  the  resistances  in  the  system : — 

Cj  ttj  —  ©2  ^     ~  ^aPi  ^  ^» 

^A  Pi  +  <^4  P2  —  ^^a  'f  =  ^• 
By  substitution  we  get 

e,x  =  e,(p±^  d  +  d  +  p,} 

If  we  divide  one  equation  by  the  other,  then  we  have 

a  ^  h(pi  +  p^  +  K)+K pi  ^ 
«      ^(Pi+p2+f)  +  'cpa' 

Now  if  in  this  equation  we  make  k  =  p^  -|-  pj,  we  get 


[A] 


»      2  d  (p,  +  Pj)  +  (pi  +  Pj)  pj,      2d  +  Pj      d+^* 


THE  WHEATSTONE  BBIDGE.  22  L 

equation  shows  tbat  if  the  slide  resistance  pi  +  pa  be  made 
equal  to  the  portion  k  of  the  slide  resistance  h+  k  +  d  which  it 
endoses,  then  the  ralnes  of  the  resistances  between  the  points  B  A 
and  E  A  will  be  to  one  another,  as  the  resistance  b  pins  half  the 
reaiatance  p^,  is  to  the  resistance  d  plus  half  the  resistance  p^.* 

Ify  therefore,  we  have  b  +  K  +  d  formed  of  101  coils  of,  say, 
1000  ohms  each,  and  pi  +  p,  of  100  coils  of  20  ohms  each,  that  is, 
2000  ohms  (pi  +  p,)  in  all,  and  farther,  if  the  slider  «,  (Fig.  89) 
bridges  across  two  of  the  1000-ohm  coils  so  as  to  enclose  a  resistance 
of  2000  ohms  (k),  then  a  movement  of  slider  ^i  from  one  contact  to 
the  next  represents  an  alteration  of  10  ohms  in  the  ratio  of  B  A  to 
E  A,  whilst  a  similar  movement  of  the  slider  s^  represents  an 
alteration  of  1000  ohms.  We  can  thus,  by  means  of  the  201  coils, 
101  of  1000  ohms  each,  and  100  of  20  ohms  each,  obtain  10,000 
ratios  of  B  A  and  E  A,  each  differing  from  the  next  by  10  ohms. 

*  This  foDoira  almost  as  a  matter  of  course  from  the  following  consideration  : — 
Since  c  is  eqnal  to  ^  +  ^„  the  onrrent  flowing  through  «c,  it  must  he  equal  to 
the  ennrent  flowing  through  pi+Pt,  and,  further,  the  point  on  k  which  the  slider 
A  touches  must  haye  an  exactly  corresponding  point  on  p,  +  p^,  which  two 
poinfii  if  connected  together  cannot  affect  the  flow  of  the  currents  in  the  resist- 
anoei^  i  e.  the  halance  on  the  galvanometer,  and,  moreoyer,  it  must  be  erident 
that  as  c  is  equal  to  p|  +  Pr  ^®  portions  into  which  k  is  divided  on  either  side 
of  the  connected  points  must  be  equal  to  p,  and  f>„  i.e.  the  resistance  on  either 

side  of  the  connected  points  must  be  ^  and  ^  respectively. 

It  may  be  added  that  if  k  is  not  equal  to  p,  +  p^,  then  the  point  on  k  corre- 
sponding to  the  position  of  the  slider  on  p,  +  p^  must  be  such  that  k  is  divided 

Pi  Pi 

into  the  two  parts  «c      *  —  and  «c  — ^j^ —  respectively,  and  the  resistances  on 

Pi  +  P»  Pi  +  Pi 

either  side  of  the  connected  points  must  be 


tt     Pi       i  «  +  (pi  +  p»)' 

and 

<^P« 
i^-^ipi  +f>i)' 

respectively.   So  that  if,  for  example,  pi+pj  were  equal  to  2  *c,  then  L~ir(~4.~~\ 

K  Om  Pi  Pt 

and  ■  'i(    T — N  would  have  the  respective  values  ^  and  y;  so  that  the 
equation  for  equilibrium  would  be 


andsooo. 


'   <*+§ 


i 


r 
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We  coulJ,  if  required,  have  a  second  slider  like  «,  to  move  ftlong 
P,  +  pt  (Fig.  88),  aud  connected  to  a  third  set  of  ooila  along  which 
the  ^der  a,  would  move ;  by  this  means  the  difTereDoea  of  10  «' 


Dould  be  snhdi Tided  into  differences  of -j^th  of  an  ohm.     In  fact, 
could  have  any  number  of  sets  of  coils  with  sliders,  each  carrying 
out  the  subdivision  to  any  required  degree. 

^VlleQ  we  come  to  make  very  small  subdivisions,  such,  for 
instance,  as  subdividiug  yifth  of  an  ohm  into  100  parts  of  uririF^ 
of  an  ohm  each,  it  would  be  inconvenient  to  employ  a  set  of  small 
resistauoes,  as  they  are  difficult  to  adjust  exactly;  slide  wires 
(§  20,  page  16)  may  therefore  be  employed  with  advantage  for  the 
purpose. 

339.  Fig.  90  thoWB  a  convenient  arrangement  of  the  Slide  B©- 
sistanco  Coils  Bridge ;  the  coils  in  this  case  are  arranged  in  a  circle 
instead  of  in  a  straight  line  as  repreeented  by  the  theoretical  dia- 
gram, Fig,  89.  The  left-hand  dial  contains  the  contact*  and  double 
slider  for  the  1000-ohm  coils,  and  the  right-hand  dial  the  conl 
and  single  slider  for  the  20-ohm  coils. 

Fig.  <J1  shows  a  theoretical  arrangement  of  the  for^^ing 

Bosistance  Coils  Bridge ;  the  connections  in  this  diagram      

from  those  shown  in  Fig.  89  in  so  far  that  the  relative  positions  ef 
the  battery  and  galvanometer  are  reversed,  but  this  reversal  is  not 
essential  to  the  principle,  as  either  ariangement  can  be  employed. 
■  A  less  elaborato  set  of  slide  coils  (arranged  by  Dr.  Muirhoad) 
which  can  be  used  for  the  same  purpose  as  the  foregoing,  is  shown 
liv  Fig.  92.  Ill  this  set  there  are  43  resistances  only,  and  oonae- 
tly  the  whole  can  be  made  at  a  considerably  le« 
TtBgement  etiown  in  Figs.  ^0  aik&^l. 
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Slide  Wibk  or  MemE  Bridge. 

240.  The  simple  elide  wire  bridge  is  a  very  useful  a 
as  a  very  close  adjustmeat  can  be  made  by  means  of  it,  a 
accuracy  of  moasnrement  thereby  be  obtiiiiied. 
Useful  for  meusuring  small  resiBtances  accurately. 


I 
I 

I 


A  form  in  wbicb  this  doscription  of  bridge 
is  very  generally  constructed  is  ehowB  by 
Fig.  93. 

Tlic  slide  wire,  ubich  is  1  metre  long  sad 
about  1  -  6  mm.  in  diameter,  ia  Btretched  upon 
an  oblong  board  (forming  the  ba.se  of  tin 
instrument)  parallel  to  a  melre  acale  divided 
ibrougbout  its  whole  length  into  millimotna^ 
and  BO  placed  that  its  two  ends  are  aa  oeftrly 
us  possible  opposite  to  the  divisions  0  and 
1000  I'OBpectively  of  the  scale. 

The  ends  of  the  wire  are  soldered  to  a 
broad,  thick  copper  band,  which  passes  round 
each  end  of  the  graduated  acale,  and  runs 
parallel    to    it   on  the  side   uppoelto    to  the 

Tbia  band  is  interrupted  by  four  gapa  at 
nt„  a,  X,  and  ni,.  On  each  side  of  these  gap^ 
and  also  at  B,  C,  and  E,  are  Icrminals. 

In  the  ordinary  use  of  the  appanitu 
(Fig.  94),  the  wires  from  the  battery  are 
attached  to  the  tcrmiuals  li  and  K,  and  thft 
galvanometer  is  connected  botvreen  C  »od 
the  slider  A;  by  pressing  down  r  knob 
this  latter  is  put  in  oontact  with  the  wire. 
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The  oondnctor  whose  resistance  has  to  be  measiired»  and  a 
standard  resistance,  are  placed  in  the  gaps  at  x  and  a  respectively. 

The  two  gaps  at  fiH  and  m^  (Fig.  93)  can  either  be  bridged 
across  hy  thick  copper  straps,  or  resistances  of  known  values  can 
be  inserted  in  them ;  it  is  easy  to  see  that  these  resistances  are 
simply  ungraduated  proloD gallons  of  the  slide  wire. 

241.  If  we  have  no  resistance  in  these  gaps,  then  when  we  have 

equilibrium, 

X      d  d 

-=P    or,    x=a^. 

As  ^  is  merely  a  ratio,  we  do  not  require  to  know  the  absolute 

values  of  d  and  &,  but  only  their  relative  values,  that  is  to  say,  we 
only  require  to  know  the  lengths  of  the  portions  on  either  side  of 
the  slider  A,  and  not  the  reHstances  of  those  portions. 
The  length  k  of  the  slide  wire  is  constant,  that  is, 

b-\-  d  =  kj    or,    d  =  ife  —  6, 

therefore 

k-^h 


x=  a 


-<-^): 


but  k  =  1000  millimetres,  and  h  is  usually  called  the  scale  reading, 
therefore  we  have 

x^a(        ^^^^  l)  TAl 

Vscale  reading        /  ^   -^ 

For  example. 

The  standard  resistance  a  being  1  ohm,  equilibrium  was  obtained 
when  the  scale  reading  was  510;  what  was  the  value  of  the 
unknown  resistance  x  ? 

^   /lOOO  \  r^^^       . 

*  "    ('610'  "    )^  ohms. 

242.  It  has  been  pointed  out  by  Mr.  Martin  F.  Eoberts  that 
equation  [A]  is  the  same  as 

^  ^     /  jreoiprocal  of  j       1000  _  jX 
\lscale  reading)  / 

and  that  consequently,  by  the  use  of  a  table  of  reciprocals,  cal- 
culations can  be  coDsiderably  simplified  in  working  out  the  value 
of  «. 
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243.  Equation  [A]  is  only  true  if  the  reeistanoes  between  the 
ends  of  the  slide  wire  and  the  terminals  B  and  E  are  zero.  But, 
although  it  may  not  appear  so,  it  is  by  no  means  easy  to  make 
these  resistances  inappreciable ;  even  the  careful  soldering  of  the 
ends  of  the  wire  to  the  copper  straps  introduces  a  resistance  which 
is  sufficient  to  affect  very  accurate  tests.  Beferring  to  Fig.  93,  in 
which  til  and  tij  are  these  resistances,  we  know  that^  strictly 
speaking, 

X      d  +n2 


or  that 


a      6  -f"  **i ' 


X 


^  J    lOOO  +  n^  +  tia    _  ^\ 
\scale  reading  +  tij         / 


To  make  a  strictly  accurate  test,  then,  we  must  know  the  Tallies 
of  n^  and  n^  in  terms  of  the  equivalent  length  of  the  slide  wire. 
These  may  be  obtained  in  the  following  manner : — 

Having  bridged  across  the  gaps  at  m^  and  m,  with  thick  copper 
straps,  taking  care  that  the  surfaces  in  contact  are  scraped  bright, 
insert  known  resistances  at  a  and  a;,  a  being  rather  larger  than  x ; 
then  having  obtained  equilibrium,  we  have 

a{d+n^  =  x(h  +  «i) 

now  reverse  o  and  a?,  and  again  obtain  equilibrium.     Let  the  new 
scale  readings  be  \  and  d^ ;  we  then  have 

X  {d^  +n^  -  a  (6i  +  n^). 

By  multiplying  up  and  arranging  the  quantities,  we  have 

on2  =  xh  -^^  X  fii  '^  ad 


and 
there  foro 


that  is 
therefore 


xn^  -  a  6i  4-  a  fij  —  jc  <f  1 ; 

a        afe+icni— od 
x      o  6i  +  o  n^  —  a?  ^1 ' 

o^  n^  —  ic^  rij  =  a;^  6  —  a  a;  d  —  a^  6i  +  a  a  dj, 

ax(d^  —  d)  -f  «^  &  —  o^  hi 


a^  -^  x^ 
In  a  similar  manner  we  should  find 

ax(h  —  fej)  +  a?^  dj  —  a^  <f 


a^  —  X* 


or  Binoe 
that  is, 
we  haye 

and 
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h  +  d=hi  +  di  =  1000, 
d  =  1000  -  6,    and    d^  =  1000  -  h^, 

o  g  (6  —  hi)  +  a;^  6  —  o^  6i       6  a?  —  6i  a 


_  (1000  -  6,)  «  -  (1000  -  b)  g 

a  ^  X 


Far  example. 

In  order  to  determine  tii  and  n,,  resistances  were  inserted  at  a 
and  X  equal  to  3  and  2  ohms  respectively.  Balance  was  obtained 
when  the  scale  reading  h  was  603.  On  reversing  a  and  x,  balance 
waa  obtained  when  the  scale  reading  &i  was  399.  What  were  the 
▼alnea  of  sh  andu^  ? 

(603  X  2)  -  (399  X  3)      ^ 
111  =  ^ S~2 ~      ^^' 

(1000  -  399)  2  -  (1000  -  603)  3       . . 
fij  =  Q ^ =11  mm. 

The  valne  of  «,  then,  wonld  be  given  by  the  equation 

/   1000  +  9  +  11    _  ,  \         /  1020  \ 

""     \8cale  reading  +  9         /  "     \scale  reading  +  9  "     / 

244.  Although  perfectly  satisfactory  results  may  bo  obtained 
with  the  metre  bridge  when  the  latter  is  properly  made,  and  when 
the  measurements  are  carefully  carried  out,  yet  considerable 
trouble  is  often  occasioned  to  inexperienced  persons  by  results 
being  obtained  which  are  obviously  erroneous.  One  most  frequent 
cause  of  error  is  that  occasioned  by  imperfect  contacts ;  great  care 
should  therefore  be  taken  that  the  important  connections,  viz. 
those  at  the  gaps,  should  be  well  made ;  this  should  be  ensured  by 
having  the  various  surfaces  in  contact  made  clean  and  bright  by 
Bcraping.  Good  contacts  are  best  assured  by  having  mercury  cups 
at  the  gaps  instead  of  screw  terminals ;  care  should  be  taken  that 
the  mercury  in  these  cups  is  in  good  metallic  contact  with  them, 
that  is  to  say,  it  should  wet  the  metallic  surfaces.  The  mercury 
flhonld  alsOy  of  course,  be  in  similar  good  contact  with  the  ends  of 
the  wires  or  rods  (the  latter  are  usually  attached  to  the  standard 
resistances),  which  may  be  dipped  into  the  cups. 


i 


The  amalgamation  of  the  metallic  Bnifaces  is  best  efiecteil  hj 
Bcouring  the  latter  with  emery  paper,  aod  then  moiHtening  them 
with  the  solution  of  nitrate  of  mercury. 

245.  A  form  of  bridg«  in 
which  mercury  cnpa  ara  used 
in  the  place  of  terminals  for 
the  more  important  ootmeo- 
tions,  is  shown  by  Fig.  95. 
Thin  apparatus  is  also  pro- 
vided with  a  oommutator 
for  reversing  tUe  resistanoes 
placed  at  a  and  x.  This 
commutator  ia  formed  of  four 
morcnry  cups  (seen  in  tho 
CL-ntre  of  the  figure)  fomUDg 
the  comers  of  a  aquar*. 
I'heoe  oupe  can  be  oounected 
liy  means  of  the  (xmnedor 
shown  in  the  npjier  part  of 
the  figure.  This  ooimector 
is  simply  a  short  bar  of 
ebonite  with  short  copper 
I'ods  at  its  extremitiea  and 
at  right  angles  to  the  Iatt«r ; 
the  ends  of  theae  rods  aro 
bent  down  so  that  they  can 
dip  into  the  ciipe  when  the 
arrangement  is  placed  over 
the  latter.  If  the  connector 
is  placed  over  the  cups  so 
that  the  ebonite  bar  is  in 
the  position  ahowu  by  the 
dotted  line,  1-2,  then  it  will 
be  seen  that  the  left-hand  cup 
at  a  is  oounected  to  the  right- 
hand  cup  at  ID,,  and  the  right- 
band  cup  at  X  to  the  left- 
hand  cup  at  m,;  if,  haweiver. 
the  ebonite  bar  is  in  the  position  shown  by  the  dotted  line,  1,-2^ 
then  the  left-hand  oup  at  a  is  connected  to  the  left-hand  oup  at 
ni„  and  the  right-hand  cup  ut  x  to  the  right-hand  oup  at  m,. 

Even  if  good  contacts  be  assured,  correct  results  cannot  bo  ob- 
tained if  the  standard  reeistanccs  arc  incorrect,  or  if  the  slide  wJia 
is  not  uniform  tu  its  resistance  t\tTOU%\ximt.  ita  length.  ^^H 
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Standard  Beshtaneea. 

246.  The  form  of  standard  resistanoe  generally  used  with  the 
metre  bridge  is  similar  to  that  shown  by  Fig.  96. 

The  ends  of  the  brass  rods  to  the  left  of  the  fignre  dip  into  the 
meroory  caps ;  the  resistance  itself  is  enclosed 
in  a  brass  box  and  bedded  in  parafi^  wax.  ^^'  ^^* 

The  particular  pattern  shown  is  an  arrange- 
ment deYised  by  Professor  Chrystal  to  show 
whether  the  temperature  of  the  interior  of  the 
brasB  box  is  the  same  as  that  of  the  sur- 
rounding air.  It  contains  a  thermo-electric 
eoaple  with  one  junction  outside  and  one 
junction  inside  the  box ;  by  connecting  this 
oonple  (whose  terminals  are  seen  on  the  upper 
put  of  the  box)  to  a  galyanometer  of  low 
remstanoe,  no  deflection  would  be  produced  if  the  two  junctions, 
that  is,  the  paraffin  inside  and  the  air  outside  the  box,  are  at  the 
same  temperature. 

247.  There  are  several  objections  to  the  form  of  standard  shown 
by  Fig.  96 ;  in  the  first  place  the  shell  cannot  be  wholly  immersed 
in  water  (in  order  to  determine  the  temperature  of  the  resistance) 
without  partially  short-circuiting  the  electrodes;  and  moreover, 
when  the  arrangement  is  used  as  intended,  then  whilst  the  narrow 
or  bottom  portion  of  the  shell  is  in  the  water,  the  upper  and  more 
massive  portion  is  in  the  air,  and  therefore  may  be  at  a  different 
temperature  to  the  bottom  portion  ;  hence  arises  the  doubt  as  to 
the  aotual  temperature  of  the  enclosed  resistance.  It  has  to  be 
borne  in  mind  that  the  limitation  of  accuracy  in  comparisons 
of  standards  of  resistance  is  determined  by  the  difficulty  of  ascer- 
taining temperature,  and  not  in  the  mere  measurement  of  resis- 
tance ;  uncertainty  as  to  the  actual  temperature  of  the  wire  to 
the  extent  of  one  or  two-tenths  of  a  degree  Centigrade  renders 
nugatory  elaborate  arrangements  for  very  accurate  measurement 
of  renstance.  Again,  if  the  standard  is  immersed  in  melting 
ice  or  snow,  and,  therefore,  cooled  to  0°  C,  deposition  of  dew 
will  take  place  upon  the  upper  surface  through  which  the  rod 
electrodes  protrude,  and  will  thereby  partially  short-circuit  the 
resistance. 

To  avoid  these  defects  Dr.  J.  A.  Fleming  has  devised  the  very 
excellent  form  of  standard  shown  by  Fig.  97.  The  case  or  shell 
wbioh  contains  the  ooil  is  in  the  form  of  a  ring.    This  rin^  qqh- 
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eieis  of  a  pair  of  square -sectioned  oiicolar  trouglis  provided  ^ 
'  flaDgee  which  are  screwed  together  with  rubber  packing,  so  i 
I    form  a  Hqnare-aeolioned,  hoUow,  water-tight,  circular  ring.     Fion 

this  ring  proceed  upwards  two  brass  tubes  about  5  or  6  inchn  in 
I   length.      Down  these  brass  tubes  pase  the  copper  electrodes  or 

rods,  and  these  rods  are  inEulated  Irom  the  tubes  at  the  top  and 


botiom  by  ebonite  insulato's.  The  insulator  at  the  bottom  of  the 
t!il>e,  where  it  enters  the  ring,  is  a  simple  collar,  that  at  the  top 
has  the  form  of  a  funnel  oornigat«d  on  its  outer  surface.  Th« 
actual  resistance-coil  is  a  length  of  platinum-tiiWor  wire,  three- 
fold silk  covered,  saturated  in  ozcikerit,  and  enclosed  in  the  groove 
ill  the  ring.  The  resistance-coil  is  thus  contained  in  a  thin  ring 
of  metal,  and  can  be  placed  wholly  below  the  surface  of  water  or 
ice.  In  order  to  prevent  surface  leakage  from  one  electrode  to  the 
other,  an  insulating  oil  can  bo  placed  in  the  ebonite  funnels. 

The  ring-coils  when  in  vse  are  placed  on  ratlier  shallow  zinc 
troughs,  which  can  be  filled  with  water,  and  are  closed  with  a 
wooden  lid.  The  large  metallio  mass  of  the  ring  assists  in  quickly 
bringing  the  whole  to  the  temperature  of  the  surrounding  wntvr,  iu 
which  of  course  an  accurate  thermometer  is  plaoed. 

248.  The  accuracy  with  which  a  tost  can  be  made  depends 
npon  the  values  of  the  various  resistances,  and  amongst  these 
npon  the  value  given  to  Jt.  In  order  to  be  able  to  vary  the  value 
f  this  quantity,  tlie  gaps  at  nti  and  mj  are  provided. 

As  the  roeistanoes  placed  in  these  gsps  are  siniply  prolooga- 


THE  WHEATSTONB  BRIDGE.  231 

tions  of  the  slide  wire,  it  is  necessary  that  their  values  should  be 
known  in  terms  of  equivalent  lengths  of  the  slide  wire ;  that  is, 
we  must  know  how  many  millimetres  of  the  wire  they  are  equal 
to.    This  is  best  done  in  the  following  manner  : — 

Close  the  gaps  at  m^  and  m^  with  the  thick  copper  straps,  and 
place  resistances  of  known  values  at  a  and  z.  Adjust  the  slides 
80  that  equilibrium  is  produced,  then 


/1000  +  n^-f  na  __     \ 


or 

«(^  +  M  +  a(1000  +  tia  -6); 

Now  insert  one  of  the  resistances,  whose  equivalent  length  mi  in 
millimetres  is  required,  at  the  left-hand  gap,  and  again  obtain 
equilibrium ;  calling  the  new  scale  reading  bi  we  then  have 

«(^i  +  «i  +  Wi)  =  a(1000  +  n^  -  60 ; 

by  subtracting  the  one  equation  from  the  other  we  get 

a;  (6  —  6i)  —  a;  fill  =  a  (hi  —  6), 
that  is, 

(h  —  tj)  (a  +  x)  =  till  ^> 

or 

a  +  x 
mi  =  {h-  h{)  —^ . 

For  example. 

It  being  required  to  know  how  many  millimetres  of  the  slide 
wire  a  resistance  w,  was  equal  to,  the  scale  reading  6,  with  the  two 
gaps  closed,  was  500  mm.,  and  the  scale  reading  &i,  with  m^  inserted, 
was  480  mm.,  the  resistances  at  a  and  x  being  6  and  4  ohms 
respectively.    What  was  the  value  of  m^  ? 

nil  =  (600  -  480) -^-ti  =  60  mm. 

If  we  have  a  and  x  equal,  we  get  the  simplification 

nil  =  (6  -  \)  2. 

There  are  other  methods  of  determining  the  value  of  rw„  but  the 
one  given,  besides  being  extremely  simple,  is  very  accurate,  as  it 
is  independent  of  the  quantities  fii  and  n^. 

The  millimetre  values  of  the  resistances  to  be  placed  at  m^ 
and  11I2  ^i^g  ^^^  determined,  the  value  of  x  is  given  by  the 
equation. 

X  =  aAQQQ  +  **i  +  ^2  +  tni  +  m,  _  j\ 
\   scale  reading  +  ^1  +  ''^i  ^ 


r 
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249.  Let  ua  now  consider  the  Be*i  arrangevienl  of 
4c.,  for  mating  a  test  with  the  metro  bridge  under  favourable 
conditions. 

Now  a  mistake  of  a  millimetre  in  llio  position  of  the  slider  will 
make  a  much  greater  error  in  the  result  of  x  worked  out  from  tfaa 
formula  when  the  slider  is  near  the  ends  of  the  wire  than  when 
it  is  near  the  middle.  Thus,  for  esample,  suppose  x  waa  1  ohm 
and  a  was  also  1  ohm,  then  we  should  have  the  slider  standing 
exactly  at  500  if  it  were  properly  adjusted.  Suppose,  however, 
it  was  1  millimetre  out,  then  the  apparent  valae  of  le  wuold  bo 


-(r-)=- 


« 


that  is,  we  make  a^  1—  'SSS,  or  '004  ohms,  too  email, 

Next  suppose  a  =  9  ohms,  then  for  equilibrium  the  scale 
reading  would  be  900,  and  if  we  make  a  mistake  of  1  millimetre  we 
should  have  i^^ 

1000      A   _  .„„„.  ^M 


'G 


that  is,  we  make  it,  1  —  '1190,  or  "OIO  ohms,  too  small. 

Lastly  let  us  suppose  a  =  |  ohm,  then  the  soale  reading  for 
exact  equilibrium  would  be  100,  and  supposing  there  to  be  ui 
error  of  1  millimetre,  we  have 

1/1000      A 

that  is,  we  make  x,l  —  -989,  or  •Oil  ohms,  too  small. 
To  summarise  the  resnlts,  then,  we  see  that  with 

a  larger  than  a-,  error  was  -010,  or  1  per  oent. 
„  equal  to        „      „       .,     '  004,  or  f        „ 
„  smaller  than,,      „        „     -01I,Drl         „ 

The  error,  in  fact,  was  smallest  when  the  slider  was  at  the 
middle  of  the  wire.  We  must,  however,  determine  whether  ihe 
middle  is  really  the  point  at  which  the  eri'or  is  least. 

Calling  A-'  the  reHistauee  of  the  slide  wire  and  its  prolongations 
nij,  tn,  and  h'  the  scale  reading  plus  the  prolongation  m,,  let  there 
be  an  error  X  in  «  caused  by  an  error  —  8  in  t',  then 


I 


»  +  *  = 


<.^.-)  "  -<^.-o 


J 
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But 


<r  =  a(p-l),      or,    <*  =  j^i 


P-' 


therefore 


X  =  x 


6'  -  8 


-  1 


-  -  1 


-  1 


=  X 


(/S 


(y_8)(ib'-6') 


or  sinoe  8  is  a  very  small  quantity,  we  may  say, 


[A] 


Now  we  have  to  make  X  as  small  as  possible;  this  we  shall  do, 
sinoe  x  and  if  are  constant  quantities,  by  making  V  (A/  —  6^)  as 
large  as  possible. 
But 

X^3  /I/  \2 

y(V-6')  =  ^-(f-6'), 

and  to  make  this  expression  as  large  as  possible,  we  must  make 

V 

.  .  5'  as  small  as  possible ;  that  is,  sinoe  h'  must  be  positive,  we 

must  make  it  equal  to  0,  or 

|-6'  =  0;thatifl.6'  =  |; 

whioh  proves  the  truth  of  the  supposition. 

To  obtain  the  slider  as  near  to  the  middle  of  the  wire  as  possible 
when  equilibrium  is  produced,  we  must  make  a  as  nearly  as  possible 
equal  to  x. 

If  in  equation  [A]  we  put 

X  =  —  of  Xs      and,      6'  =  — . 
100  2' 

we  get 

_  400  8 

^  "IT"' 

so  that  if  when  the  slider  is  near  to  the  centre  of  y  we  can  adjust 

the  slider  to  an  accuracy  of  1  division  (8),  then  if  jf  consisted  of 

1000  parts  (as  would  be  the  case  if  there  were  no  prolongations 

mi,  fiis),  we  could  measure  the  value  of  x  to  an  accuracy  of 

400  X  1  . 

-^^^  =  •4 per  cent. 


I 
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250.  la  order  to  make  a  measurement  in  this  manner,  as  we 
hare  eeen,  it  ie  neoees&ry  for  a  to  be  approximately  eqnal  tn  z- 
Kow  in  many  cases  there  would  be  no  difficnlty  in  airangiiig 
that  siich  should  be  the  case.  Thns,  for  example,  BuppoBO  it  w&i 
i«qaired  to  meaenre  the  condactivity  of  a  sample  of  wire,  then  in 
this  oaae  we  should  take  a  enScient  length  of  the  wire  to  give  a 
resistanoe  approximaklg  equal  to  a,  and  then  having  mcaanred  the 
exact  length  taken,  we  fihoold  aecertain  its  cscael  resistance  hj 
adjneting  the  slider  until  equilibrium  was  obtained. 

251.  If  WD  wish  the  mcaBorement  to  be  made  to  a  higher 
percentage  of  accuracy  than  can  be  made  with  the  slide  wire  t 
alone,  then  we  must  add  eqnal  redstancee,  m,  and  mti  at  each  md 
of  the  wire  bo  as  to  increase  the  Talno  of  i. 

Since 

400  8 

therefore 


BO  that  if  we  wish  to  meafiore  x  to  an  oocnracy,  say,  of  *  1  per 
cent.,  then  we  must  make  k'  equal  to 


tbat  ia  to  say,  we  mast  add  resistances  ffl,  and  m,  at  each  end  of  k, 
each  equivalent  to  1500  millimetrea  of  the  wire  *.  It  most  be 
reoolkoted.  however,  that  there  will  b©  no  advantage  in  thus 
inorcaaiiig  the  length  of  k,  unless  the  figure  of  merit  of  the  galva- 
nometer employed  is  sufBciently  high  to  enable  a  mowment  of  the 
slider  to  a  dislauce  of  1  diviaiun  from  its  correct  position,  to  piD- 
duoe  a  i>erc6ptible  movement  of  the  needle. 

If  the  resistance  to  be  measured  is  not  one  which  admits  of 
adjustment,  then  in  order  to  obttdu  a  satisfactory  measurement  we 
must  add  a  resistance  on  to  one  or  other  of  the  ends  of  k,  aooording 
as  J  is  lurgcr  or  smaller  than  a  ;  or  we  may  add  reaistauoes  to  both 
ends,  their  values  being  unequal. 

If  in  equation  [A]  (page  233)  we  put 


J 


THE  WHBATSTONE  BRIDGE.  235 

or  if  we  put 


A  =  Ot  X, 

100        ' 


we*baTe 


y.^lOO(.  +  .)S       ^^      j,_ 


.00(2+:) 


From  this  equation  we  oan  see  that  no  matter  what  are  the 
relatiye  valnes  of  a  and  »,  still  V  can  always  have  a  valne  which 
win  enable  a;  to  be  obtained  to  any  percentage  of  accuracy  X' ;  that 
ifi,  of  course,  proTided  the  figure  of  merit  of  the  galyanometer  be 
snfficiently  high  for  the  purpose. 

For  example. 

It  is  required  to  measure  the  exact  value  of  a  resistance  x^ 
whose  approximate  value  is  five  times  that  of  the  resistance  a; 
what  must  be  the  value  of  V  in  order  that  the  measurement  may 
be  made  to  an  accuracy  of  *5  per  cent.?  The  adjustment  of  the 
slider  can  be  determined  to  an  accuracy  of  1  division. 


G-) 


100    -+11 

V  = ^\      ^    =240. 

•6 

From  equation  [1]  (page  234)  wo  get 

y  =  240  (^1  +  y)  =  l^'*^' 

consequently  since  A;  consists  of  1000  divisions  we   must  add  a 
prolongation  ia^  equal  to  not  less  than  440  divisions,  on  to  A;. 

We  may  of  course  make  the  prolongation  larger  than  440 ;  in 
fact,  in  practice  we  should  have  to  do  so  unless  we  had  a  resistance 
available  of  the  exact  required  value  ;  but  it  must  not  be  too  large, 
otherwise  the  position  of  balance  for  the  slider  wotild  be  at  some 
point  on  xa^  instead  of  on  the  wire  A;.     In  fact,  m^  must  not  be 

greater  than  — . 

If  it  should  happen  that  in  order  to  obtain  a  particular  per- 
centage of  accuracy  it  is  necessary  that  V  should  exceed  A;,  then 
in  this  case  it  would  be  necessary  to  have  a  prolongation  m^  in 
addition  to  the  prolongation  m^ ;  the  latter  quantity  in  this  case 

must  not  exceed  (ife  +  Wj)  - . 


r 
] 
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In  the  last  example  we  have  Bupposed  x  to  be  tew  than  e 
however,  x  is  greater  tlian  a,  then  b'  will  probably  have  to  )» 
greater  than  k,  in  whiuh  ease  of  course  we  abonld  have  to  add 
the   prolongation  n>,  in    the    place  of  the    prolongation  m,,  tiiB 

Talne  of  m,  being  suoh  that  it  does  not  exceed  k  -,  unless  ire  also 

ftdd  a  prolongation  m^  in  addition  to  m^,  in  wliiub  caeo  m^ 

not  exceed  (fe  -)-  m^)  — 


We  have  seen  that  bymeanaof  m,  and  m, — the  values  of  V 
can  bo  determined  in  the  manner  shown  in  S  248  (page  23i))-^K 
can  theoretically  arrange  that  the  value  of  x  can  be  asBUred  to 
any  required  degree  of  accuracy,  no  matter  what  the  relative 
values  of  x  and  a  may  be.  This,  however,  can  only  be  the  case 
provided  the  figure  of  merit  of  the  galvanometer  is  such  as  to 
enable  the  slider  to  be  adjusted  to  an  accuracy  of  1  divisiOD. 
The  figure  of  merit  of  the  galvanometer,  therefore,  as  ia  other 
tests,  is  the  limit  to  the  "  Possible  degree  of  accuracy  attainable." 
This  limit  can  be  determined  from  equation  [2]  (page  205)  in  the 
following  n 


Let  X  be  the  em 
adjustment,  then  wi 

)r  in  X,  caused  by  6'  beU 
)  have 

ig  -:*  of » 

unit  onl 

y 

and  since  a<V  =  h'  x 

,  and  i  is  a  very  small  quantity,  we 

get 

we  have  then  from 

Bqu.tion  [2]  (page  205) 

hy  putting 

.■  =  i 

^i-4-' 

I 


In  order,  therefore,  that  'i'  may  be  able  to  have  the  i 
necessary  to  ensure  x  being  measured  to  the  required  degre«  of 
accui-acy,  the  value  of  (■„  must  not  be  less  than  that  given  by  the 
al)0V6  equation. 

As  ihe  values  of  g,  d,  x,  and  r  are  mostly  easily  obtained  in 
ohms,  the  value  of  b'  corresponding  to  the  number  of  diviaiuus  of 
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which  it  would  oonsist  moBt  be  in  ohms  also ;  ;,  likewise,  will 
haye  to  be  the  resistanoe,  in  the  fraction  of  aji  ohm,  corresponding 
to  1  division  (or  fraction  of  a  division,  if  the  slider  can  be  adjusted 
to  a  closer  accuracy  than  1  division)  of  the  wire  h. 

For  example. 

In  the  last  example  it  was  required  to  be  known  whether  a 
galvanometer  whose  resistance  was  1  ohm  (g),  and  whose  figure 
of  merit  was  *0002  (Cg)  would  be  suitable  for  the  purpose  of 
making  the  measurement  in  question.  The  resistance  of  the  slide 
wire,  which  was  divided  into  1000  divisions  (A;),  was  5  ohms ;  the 
resistance  a  was  1  ohm,  and  the  resistance  x,  5  ohms  approximately. 
The  actual  value  of  the  prolongation  added  to  k  was  such  as  to 
make  V  equal  to  1560.  The  resistance  of  the  battery  was  5  ohms 
(r),  and  its  electromotive  force  2  volts  (E)  approximately. 

Since  h  =  1000,  therefore  ^  =  ■—-  =  'OOOS. 

Also  (from  equation  [1],  page  234)  we  have 

V  =  — ■ —  =      ,    .   ^      =  260  divisions  =  — -;rxT —  =  '  13  ohms  : 
a  +  x         1+6  1000  ' 

therefore 

1  +  5 


2  X  '0006  X 


Ce  = 


13 


{5(.l8+l)  +  6  +  l}J6  +  l  +  5  +  i^'| 

•04.fi 

=  -0008, 


(11-65)  (49-46) 

which  is  greater  than  -0002,  the  figure  of  merit  of  the  galva- 
nometer in  question,  consequently  the  latter  instrument  is  well 
suited  for  the  purpose  for  which  it  is  required. 

252.  The  resistance  of  the  galvanometer  employed  in  making 
a  bridge  test  is  an  important  point,  especially  as  regards  the 
measurement  of  small  resistances. 

In  the  case  of  the  ordinary  bridge  test,  we  can  adjust  within 
1  unit,  and  in  the  case  of  the  slide  wire  bridge,  we  can  adjust 
within  1  millimetre  of  the  wire ;  if  then  the  galvanometers  em- 
ployed in  these  oases  oire  such  that  when  we  are  1  imit  or 
1    millimetre    from    exact    equilibrium    we  obtain    perceptible 
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That     ' 


deSectione  of  the  needles,  then  we  have  what  we  roqnire,  vrhat- 

r  the  resiBtanoeB  of  the  galvauameters  may  be, 

In  the  ordinary  form  of  hridge,  where  the  adjoetable  resisU 
ances  are  not  capable  of  being  adjuated  to  a  greater  Bocnrsc)- 
i  1  unit,  a  Thomson's  galvauomeler,  like  tlioee  Bhown  on 
pages  50  to  54,  and  which  has  a  resistance  of  about  500D 
ohms,  gives,  under  all  circumstances,  a  very  large  deflection 
when  the  adjustment  is  only  1  unit  from  eqnilibrium.  In  the 
caae  of  the  slide  wire  bridge,  however,  where  to  be  1  millimetra 
from  exact  equilibrium  means  to  be  only  TTj.sTnr*^  "^  ^^  ohm,  or 
even  less,  out,  a  galvanometer  of  such  a  high  resistance  as 
6O00  ohms  would  not  be  found  to  give  a  perceptible  deflection. 

The  reason  of  this  is,  that  such  a  galvanometer  is  practically 
short- ciroui ted  by  the  very  low  resistanoe  it  has  between  Jis 
terminals. 

The  question  of  galvanometer  resistance  ie  considered  al  length 
in  Chapter  XSV.,  and  it  is  there  shown  that  it  is  beet  that  the 
instrument  should  have  a  resistance  not  more  than  about  10  times, 

or  less  than  about  ynth, -i— X_/ .    Of  course  in  practice  we  cannot 

adjust  the  resistance  to  meet  every  particular  caee,  but  the  limits 
n  are  sufficiently  wide  to  enable  an  instrument  to  be  made 
which  would  prove  satisfactory  for  most  purposes  for  which  the 
metre  hridge  is  adapted ;  moreover,  if  a  particular  galvanometer 
does  not  provo  to  bo  snitablo  for  a  particular  purposL-.  we  can 
ascertain,  by  the  help  of  tfae  above  rule,  whether  the  cause  is  dne 
to  its  resistance  being  too  high  or  too  low. 

It  should  bo  clearly  understood  that  when  we  spoalc  of  the 
resistance  of  the  galvanometer  we  mean  the  resistanoe  of  tbo 
instrument  itself,  and  not  the  resistance  in  ils  circuit;  thus,  if 
according  to  calculation  it  were  proved  that  the  galvanometer 
resistance  should  bo  1  ohm,  then  it  would  not  bo  carrying  out  the 
rule  if  wo  took  an  instrument  having  a  resistance  of,  eay,  ^  of 
ohm,  and  added  a  resistance  of  J  of  an  ohm  in  its  drcoit,  for 
Q  ohm  would  he  an  addition  to  the  external  circuit  and 
addition  to  the  galvannmeler  itself. 

Under  no  conditions  should   the  battery  be  joined  botweOT 
and  C,  and  the  galvanometer  between  B  and  E,  for  in  such  a  case 
the  battery  current  in  passing  from  the  slider  to  the  wire  would  be 

tie  to  injure  the  surface  of  the  latter. 

To  sum  up,  then,  we  have 


,  iof  iB 
jrtid^H 

twera^^" 
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ComdiUant  neeeaary  for  making  the  Test  to  any  required  Degree  of 

Accuracy. 

253.  The  number  of  diyisions  of  which  V  must  oonsist  in  order 
that  X  may  be  measured  to  an  accuracy  of  X'  per  cent,  must  be  not 
leif  than 

100  (-  +  1^  8 

^V  • 

S  being  the  number  of  diyisions,  or  the  fraction  of  a  division,  to 
which  it  is  possible  to  adjust  the  slider. 

If  prolongatioDs  are  necessary,  then  m^    must    not    exceed 

yk  +  mA  — ,  and  m^  must  not  exceed  f  A;  +  m^  j  -  • 

The  figure  of  merit  of  the  galvanometer  must  be  not  less 
than 

a  +  « 


E8. 


V 


where  E  is  in  volts  and  aU  the  other  quantities  (including  V  and 
(T)  are  in  ohms. 

Possible  Degree  of  Accuracy  attainable, 

T>  X  i.  100  /O  A   ^ 

Percentage  of  accuracy  =  -^  f-  +  ljd. 


Measurbments  by  Carey  Foster's  Method. 

264^  This  method,  devised  by  Prof.  Carey  Foster,*  consists  in 
determining  the  value  of  the  unknown  resistance  in  terms  of  an 
equivalent  length  of  the  slide  wire ;  this  is  effected  in  the  follow- 
ing way : — 

The  resistance,  »,  whose  value  is  to  be  determined,  is  placed  in 
the  left-hand  gap  (Fig.  98,  page  240),  and  resistances  r,,  rj,  the 
ratio  of  whose  values  does  not  differ  from  unity  more  than  does 
that  of  the  resistance  to  be  measured  and  the  resistance  of  the 
whole  slide  wire,  are  placed  in  the  two  centre  gaps;  the  right- 
hand  gap  is  closed  by  a  conductor  without  sensible  resistance. 

The  slider  is  now  adjusted  until  equilibrium  is  obtained,  and 

*  *  Joonal  of  the  Sodety  of  Telegraph  EDgineen,*  vol.  i.  p.  196. 
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the  reading  h  is  noted,  x  is  then  transferred  to  the  right-hand 
gap,  and  the  left-hand  gap  is  closed  by  a  oonductor  withont 
sensible  resistance  (Fig.  99) ;  the  slider  is  again  adjusted  and  the 
reading  h^  noted. 


Fio.  98. 


Fig.  99. 


r»l£i_f»12_^^  pTuIj^S—^--^^ 


*-- 


<D-^ 


Calling  rii  the  resistance  of  the  poi*tion  of  the  oopper  strap 
between  B  and  the  left-hand  end  of  the  slide  wire,  and  «,  the 
resistance  of  the  portion  of  the  strap  between  E  and  the  right- 
hand  end  of  the  slide  wire;  also  calling  r^  the  total  resistance 
between  the  points  B  and  G,  and  fj  the  total  resistance  between 
the  points  G  and  E ;  finally,  calling  h  and  6^  the  reepeotiTe  remt- 
ances  of  the  portions  of  the  slide  wire  in  the  two  tests,  and  calling 
I  the  total  rerisiance  of  the  slide  wire,  we  have 


and  also 


therefore 


therefore 


»j  _ 

x  +  ni  +  h 

Z-ft+flg 

n 

«i  +  5i 

r,-Z. 

-hi+n^  +  x* 

x  +  n^  +  h 

-          «i  +  ^1 

Z- 6  +  n, 

l^bi  +  n^  +  x' 

x  +  ni+b  ^^ 

-         ih  +  6i 

l^h  +  n^ 


I  —  fti  +  flj  +0? 


+  1; 


therefore 


X  +  ni  +  h  +  I  -^  b  +  n^  _  ni  +  hi  + I  ^hi  +  n^  +  x  ^ 
T-t  +  nj  "  l^hi  +  n^+x  ' 

therefore 

Z  -  6  +  rij  =  Z  -  6i  +  tig  +  a?. 


or 


X  =  hi  —  h. 

In  order  to  make   this  formula  useful  we  must  know  the 
resistance  per  millimetre  of  the  slide  wire,  since  fr^  and  h  on  the 
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Made  represent  not  resistances  but  lengths.  The  simplest  method 
of  doing  this  is  to  take  a  test  in  the  foregoing  manner,  giving  the 
xesistanoe  x  a  known  yalue,  *  1  ohm  for  example ;  in  the  latter 

oaae,  since 

•1  =  &1-6 

the  difference  between  the  two  scale  readings  multiplied  by  10 
gives  the  nnmber,  v,  of  millimetres  corresponding  to  1  ohm 
resistance,  and  therefore  when  we  make  a  test  to  determine  an 
unknown  resistance,  x,  we  get 

X  =  . 

V 

The  accuracy  of  the  test  depends  upon  the  conductor  with 
which  the  unknown  resistance,  a;,  is  interchanged,  having  practi- 
cally no  resistance ;  it  should,  therefore,  be  made  of  as  massive 
and  short  a  piece  of  copper  as  possible,  and  the  connections  should 
be  made  by  means  of  mercury  cups.* 

The  great  merit  of  Professor  Foster's  method  lies  in  the  fact, 
that  the  measurements  are  independent  of  the  resistances  of  the 
various  parts  of  the  copper  band. 

255.  Professor  Foster  points  out  that  inasmuch  as  by  his 
method  the  value  of  a  resistance,  a:,  can  be  determined  in  terms  of 
a  certain  length  of  the  slide  wire,  therefore  if  a;  be  made  a  known 
resistance  and  the  slide  wire  itself  be  formed  of  a  portion  of 
wire  whose  resistance  per  unit  length  is  required,  this  latter 
resbtance  can  easily  be  determined.  Such  a  method  would  give 
very  accurate  results,  and  ijs  as  good  as  "Thomson's  Bridge" 
method,  which  was  devised  by  Sir  William  Thomson  for  the  same 
purpose,  and  is  as  follows  : — 

Thomson's  Bridge. 

256.  The  arrangement  of  this  bridge  is  shown  by  Fig.  100 ;  its 
object  is  the  accurate  measurement  of  the  resistance  of  a  portion  of 
a  conductor  of  low  resistance,  lying  between  two  points,  errors  due 
to  imperfect  connections  being  avoided.  In  the  Fig.,  B  F  is  the 
conductor,  the  resistance  b  of  the  corresponding  length,  1-2,  of 
which  requires  to  be  determined.     F  £  is  a  standard  slide  wire 

*  As  a  rule  the  onps  at  each  side  of  a  fi^ap  are  too  small  and  are  not  put  close 
enongh  togetlier,  the  conseqaence  btring  thnt  a  conductor  u^ed  for  bridgm;^  over  a 
gap  is  coroparatively  long  and  has  a  sensible  resistance.  Tlie  cups  on^ht  to  be 
of  large  dimensions,  and  so  close  together  as  almost  to  touch,  the  bridge  piece 
conld  then  be  madiiB  so  -massiye  and  short  as  to  be  practically  of  a  negligible 
resistance.  The  ends  of  this  piece  should  be  quite  flat,  so  as  to  lie  closely  in 
contact  with  the  bottom  of  the  cups. 

n 
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whose  resifitanoe  per  unit  length  is  accurately  known.  Now  when 
we  have  equilibrium  we  see  from  equation  [A]  (page  220)  that 
wd  have 

»       <i  (Pi  +  Pa  +  K)  +  ^  P  ' 
by  multiplying  up  and  arranging  we  get 

^  Pi  +   P2  +  K 

Now  if  we  have 


we  get 


^  =  ^,      that  is,      api  =  «  P2 
Pi       Pa 

ad  —  hx  =  0, 


or 


X 


Fio.  100. 


<. ^ * 


vHHI- 


from  which  "we  see  that  the  value  of  h  is  independent  of  the 
resistance  of  any  of  the  connections  provided  the  contacts  at  the 
points  1,  2,  3,  and  4  are  small  compared  with  the  resistances 
a,  Pi,  P2,  and  a;,  which,  by  making  these  resistances  high  enough, 
will  practically  be  the  case.  The  points  1,  2,  8,  and  4  should 
be  knife  edges,  so  that  the  exact  distance  between  1  and  2,  and 
between  3  and  4  can  be  properly  determined. 


Measurement  of  the  Conductivity  Ebsistance  of  a  Telegraph 

Line. 

Direct  Method, 

257.  When,  by  means  of  the  bridge,  Fig.  85  (p.  200),  we  are 
measuring  the  condueHvUy  resistance  of  a  wire  whose  further  end 
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ii  not  at  hand,  we  should  join  one  end  to  terminal  C,  put  the 
finiheT  end  to  earth,  put  terminal  E  to  earth,  and  then  measure 
in  the  usual  way. 

Xoop  Method. 

258.  It  is  always  as  well,  however,  when  possible,  to  measure 
without  using  an  earth,  by  looping  two  wires  together  at  their 
further  ends,  the  nearer  ends  being  joined  to  terminals  E  and  C 
tespectiyely ;  this  gives  the  joint  conductivity  resistance  of  the 
two.  Errors  consequent  from  earth  currents,  or  a  defective  earth, 
fto^  are  thereby  avoided.  We  cannot,  however,  by  this  means, 
obtain  the  oonductivity  resistance  of  each  wire  separately. 

Meaturement  of  the  Individual  Besislance  of  Three  Wires. 

If,  however,  we  have  three  wires  at  hand,  we  can  by  three 
measurements  obtain  the  conductivity  resistance  of  each  wire, 
without  using  an  earth.    This  is  effected  as  follows : — 

Let  the  three  wires  be  numbered  respectively  1,  2,  and  3. 
First  loop  wires  1  and  2,  at  their  further  ends,  and  let  their 
resistance  be  B^.  Next  loop  wires  1  and  3,  and  let  their  re- 
sistance be  Bj.  Lastly,  loop  2  and  3,  and  let  their  resistance  be 
B3.  Supposing  the  respective  resistances  of  1,  2,  and  3  to  be 
fi,  r„  and  rj,  we  get 

r^  +  r2  =  Bi 

^2  +  r^  =  B3 

Now,  since  each  of  the  wires  is  looped  first  with  one  and  then 
with  the  other  of  the  other  two,  it  is  evident  that  the  sum  of 
the  three  measurements  will  be  the  sum  of  the  individual  resist- 
anoea  of  the  three  wires   taken   twice  over,  and   consequently 

^*^ ^  must  be  the  sum  of  the  resistances  of  the  three 

wiree.  If,  then,  we  subtract  B^  from  this  result,  the  remainder 
must  be  the  resistance  of  r.^.  Similarly,  if  we  subtract  B2  from 
the  same,  the  remainder  will  give  us  r2 ;  and  lastly,  by  subtract- 
ing B3,  we  get  the  value  of  r^. 

For  example. 

The  oonductivity  resistance  of  each  of  three  wires,  Nos.  1,  2, 
and  8  was  required.  Nos.  1  and  2  being  looped,  the  resistance 
(B|)  was  found  to  be  300  ohms.    Nos.  1  and  3  looped  gOb^^  ^  t^- 
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aiatauce  (R^)  of  400  obms.  Lastly,  Ni 
rcsietaDce  (R3)  of  500  ohms.  Theu  i— 
added  resistauce  of  the  three  wires  will 


300  +  400  +  500  . 


therefore, 


IJesiBtance  (r,"l  of  No. 
(r,:      ., 


By  this  device,  then,  wo  aru  euahled  lo  (slimiiiate  all  eouroea  of 
error  without  making  a  greater  aumher  of  measure  men  t«  than 
would  be  required  if  wo  measured  each  wire  separately,  1^'  naing 
an  earth.    (See  also  g  260.) 

MCASUBEUENT  OF  TUH  RESISTANCE  OF  AN    E.kKIU. 

259.  By  means  of  a  mBlhod  very  similar  to  thu  foregoing  we 
can,  if  wo  have  two  wires  at  our  disposal,  measure  the  resistance 
of  the  earthi  at  the  ends  of  the  Hues.  The  following  i^  the  vny 
in  which  this  can  be  done  1 — 

Let  the  two  wii'es  be  numbered  respectively  I  and  2.  First 
loop  the  two  wires  at  their  further  ends,  and  let  the  meaanred 
resistance  of  the  loop  be  R,.  Next  have  Ko.  1  wire  put  to  the 
earth  at  its  further  end,  and  measure  the  resislance,  which  will 
be  that  of  the  wire  and  earths  combined  ;  let  this  total  resistance 
be  R,.  Lastly,  have  wire  No.  2  put  to  the  earth  at  the  distant 
station,  and  measure  the  total  resistance,  which  we  will  call  B^  ; 
then  by  adding  R,,  R^  and  R^  together,  and  dividing  the  result 
by  2,  we  get  the  sum  of  the  resistances  of  the  two  wires  and 
the  earth  ;  by  subtracting  from  this  result  the  resistances  of  the 
two  looped  wires  the  remainder  will  be  the  resistance  of  the 
earths. 

2C0.  By  means  of  a  test  made  in  this  manner  we  can  deter- 
mine not  only  the  resistance  of  an  earth,  but  also  the  in- 
dividual resistance  of   two  wires;    for  if  we    subtract  R^    from 

— .,' '  the  result  will  be  the  resistance  of  wire  No.  2, 

and  if  vre  subtract  Rq  instead  of  R„  then  the  result  will  be  th« 
resistance  of  wire  No.  1.  Such  a  test,  however,  although  it 
eliminates  errors  due  to  defective  earths,  does  not  eliminato 
tmon  due  to  earth  cuiients.    But  tnasmnch  as  it  is  a  tc^t  which 
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18  applioable  when  only  two  wires  can  be  had,  it  is  useful,  since 
ihe  earth  oarrent  errors  can  be  eliminated  by  a  method  which 
we  shall  investigate  (§  265,  page  247). 

Pomeroy*8  Method.* 

261.  This  method  is  shown  by  Figs.  101  and  102.  Any  line 
wire  (Line  1)  is  connected  up  with  the  Wheatstone  Bridge  and  the 
*' Earth  **  (A)  which  is  to  be  tested  (Fig.  101).  Line  1  is  put  to 
earth  at  the  farther  end.  Balance  is  obtained  on  the  bridge  in  the 
usual  way.    Let  the  resistance  required  to  balance  be  B,  and  let 

X  =  resistance  of  the  earth  A 
„  „        Line  1, 


y  = 
L,  = 


then 


aR  =  h(L,  +  y  +  x) 


[1] 


The  connections  are  now  altered  as  shown  by  Fig.  102.  The 
zinc  pole  of  the  battery  in  this  case,  instead  of  going  direct  to 
the  earth  A,  is  connected  with  a  second  line  (Line  2)  which  runs 


Fig.  101. 
Isint  ± 


W^    ^If UU  F^A 


r 


Uvitt  2 


in  a  different  direction  to  Line  1  (preferably  at  about  right  angles 
to  it),  and  which  is  put  to  earth  at  the  further  end.  A  second 
balance  is  then  obtained  on  the  bridge.  Let  the  adjusted  resistance 
required  to  do  this  be  r,  then 

a(x  +  r)  =  h(Li+y) 
that  is 

ax  +  ar  =  h  (Li  +  y)  ;  [2] 

and  subtracting  equation  [2]  from  equation  [1]  we  get 

aH  —  a X  —  a  r  =  h Xf 
•  'EleclricallReview,'  April  20th,  1888. 
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x{a  +  h)  =  ain-ry. 


,.-"fK-r). 

r  if  a  and  b  am  D<iual 


that  is  hat/ the  tliference  between  the  Ueo  resisiancet. 

Afl  it  is  desirable  in  making  the  two  tests  that  the  curreiit 
passing  at  the  tarth-plate  in  both  cases  should  be  approximately 
equal,  the  battery  power  for  taking  the  second  test  ehonld  l« 
rather  greater  than  that  used  in  taking  the  first.  If  a  simple 
form  of  galvanometer  bo  kept  in  circuit  with  the  balterv,  and 
the  battery  be  so  adjuafed  that  the  deflections  of  this  galvano- 
meter are  about  the  same  in  both  tests,  then  the  current  passing 
Kt  the  earth  A  will  he  about  the  same  in  both  cases. 

The  object  of  joining  up  the  batteiy  for  the  second  test  in  Ihe 

way  shown  by  Fig.  102  is  to  arrange  that  tiie  current  flowing  out 

I  at  the  earth-plate  under  test  (A)  may  he  in  the  same  direction  o 

it  is  in  the  first  test. 


Measdremest  of  the  Insulatios  Eesistance  of  a  Telegu 
Lime. 
'     262.  In  measuring  the  insulation  resistance  of  a  wire,  the  con- 
nections would  be  the  same  as  for  couduotivity  resistanoe,  except 
that  the  further  end  of  the  wire,  instead  of  being  put  to  earth, 
would  be  insulated. 

263.  It  sometimes  happens  that  we  require  to  find  the  insul*- 
tion  resistance  of  two  sections  of  one  wire,  but  we  can  only  test 
from  one  end. 

Now,  if  we  join  several  wires  together,  one  in  front  of  the 
other,  it  is  evident  that  the  totol  insulation  resistance  of  the  oom- 
bination  will  diminish  according  to  the  number  of  the  wires  and 
according  to  the  insulation  resistance  gf  each  of  them.  The  law 
for  the  totiil  resistanoe,  in  fact,  will  be  the  same  as  that  for  tlio 
joint  conductor  resistance  of  a  number  of  wires  joined  up  in 
multiple  arc  (page  85).  That  is  to  say,  ike  total  irttulation  raiil- 
anee  of  any  nnmber  of  iciresjoined  together  aill  be  equal  to  Ike  recip- 
rocal of  the  turn  of  the  reciprocate  of  their  retpccfiva  inmiation  r*. 
tistaneea.  As  a  matter  of  fact,  it  is  immaterial  whether  the  wires 
be  Joined  together  one  in  front  of  the  other  or  all  be  buDolted 
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together ;  the  law  of  the  joint  insulation  resistance  is  the  same  in 

both  oases.* 

A B 0 

Sappoee,  then,  A  0  to  be  the  wire  which  is  required  to  be 
tested  for  insolation  resistance  from  A  in  two  sections,  A  B  and 
B  C.  Let  a  be  the  insulation  resistance  of  the  section  A  B,  and 
h  the  insulation  resistance  of  the  section  B  0 ;  and  suppose  x  to 
be  the  insolation  resistance  of  the  whole  wire  from  A  to  G,  then 

we  have 

ah 

a-f-o 
from  which 

ax 


h  = 


a  —  « 


All  we  have  to  do,  therefore,  supposing  we  are  testing  from  A, 
is  first  to  get  the  end  C  insulated  and  to  measure  the  insulation 
resistance;  this  gives  us  x.  Next  get  the  wire  separated  at  B, 
and  the  end  of  the  section  A  B  insulated.  Again  measure  the 
insolation  resistance ;  this  gives  us  a.  Then  from  the  two  results 
b  can  be  calculated. 

For  example. 

The  insulation  resistance  (x)  of  the  whole  wire,  from  A  to  C, 
was  found  to  be  6000  ohms,  and  that  from  A  to  B  (a),  24,000 
ohms.    YHiat  was  the  insulation  resistance  (b)  of  the  section  B  ? 

h  =  24,000  X  6000  ^  ^^^^  ^^^^^ 
24,000  -  6000 

264.  To  obtain  the  conductivity  resistance  of  one  section  of  a 
wire  when  'the  resistance  of  the  other  section,  and  also  of  the 
whole  wire,  is  known,  we  have  only  to  subtract  the  resistance  of 
the  one  section  from  the  resistance  of  the  whole  section.  The 
troth  of  this  is  obvious. 

Hbasubehent  op  the  Conductivity  Eesistancb  of  Wires 

TBAVERSED  BY  EaRTH   CURRENTS. 

265.  When  the  conductivity  resistance  of  a  line  of  telegraph  is 
measured  by  having  the  further  end  of  the  line  put  to  earth,  the 
presence  of  earth  currents,  that  is  to  say,  the  currents  set  up  by 

*  This  is  not  the  case  if  the  insulation  resistances  are  very  low,  as  the  resist- 
anoe  of  the  oonductor  then  eomes  into  question  and  modifies  the  lesuVl, 
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electrical  disturbances  over  the  surface  of  the  earth,  and  also 
cnrrents  due  to  the  polarisation  of  the  earth  plates,  renders  the 

formula  x  =  d  - ,  when  equilibrium  is  produced,  incorrect.     To 

obtain  the  true  value  of  the  resistance  of  the  wire,  therefore,  a 
different  formula  is  necessary. 

Equtlibfium  Method. 

266.  In  Fig.  103  let  E  be  the  electromotive  force  of  the  testing 
battery,  Ej  the  electromotive  force  of  the  earth  current,  whose  value 
will  be  +  or  —  according  to  its  direction,  and  let  a,  6,  d,  »,  and  r 
be  the  resistances  of  the  various  parts  of  the  bridge  ;  then  c^,  c., 
r.,  ^4,  and  f^  being  the  current  strengths  in  the  different  branches. 


wo  have  by  Kirchoff's  laws  (page  1 09),  when  equilibrium  is  pro- 
duced, the  following  equations  connecting  the  resistances,  current 
strengths,  and  electromotive  forces : — 

Ci  -  r,  =  0 
r,  -  r^  =  0 

^5  -  <?3  -  <'4  =  0 
f  1  a  —  Co  2>  =  0 

c^x  ^  c^d  =  ±  Ej 

13y  elimination  we  obtain  two  values  of  C4,  one  in  terms  of  the 
battery  E^,  and  the  other  in  terms  of  E,  thus 


=  +  __ 


'I  —  — 


X  — 


ad 
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and 

E 

Ca  = 


a{d  +  r)  +  h{a  +  r) 


267.  If  we  equate  tbe  two  yalues  of  C4,  we  can  get  tlie  relation 
between  the  two  electromotive  forces  E  and  E^,  and  thus  obtain  a 
method  of  determining  the  relative  electromotive  forces  of  the 
batteries*  for  we  have 

±Ei_  hz  --  ad 


E  a(d  +  r)  +  h(a  +  r) 

268.  From  the  latter  equation  we  find 

ad  ^'E,fa(d  +  r)  +  h(a+r)'] 
"^  =  T  *  E  L  h J  • 

To  make  this  equation  useful  it  is  necessary  that  E^  and  E  be 
known.  If,  however,  we  reverse  the  testing  battery  and  again 
obtain  equilibrium  by  readjusting  d  to  d^^  we  get  a  second  equation, 

▼iz. 

±  El  __  hx  --  ad^ 


-  E        a(di  +  r')  +  h(a  +  r)  ' 


we  therefore  have 


h  X  —  ad  j^  hx  ^  ad^  _n» 


a(d  +  r)  +  h{a'{'r)       a  (di  +  r)  +  6  (a  +  0 

by  multiplying  up  we  get 

hx[a(di  +  r)  +  h(a  +  r)]  --  ad  [a  (d^  -f  r)  +  5  (a  -f-  r) 
+  6«[a(d  +r)  +  5(a  +  r)]  -  ad^[a{d  +  r)  +  hla  +  r) 
=  0; 

that  is 

a      d[a(di  +  r)+  b(a  +  r)]  +  d,  [a  (d  +  r)  6  (a  +  r)] 
b         a(di+r)  +  b(a  +  r)  +  a(d  +  r)  +  b{a+r) 


where 


^  a  r2(d  +  h)(di  +  Jc)  _  , -|  p .  , 

bl(d  +  k)  +  (d,  +  k)         J  "■    -■ 


1 
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For  txamjie. 

In  making  ft  oondnctiTity  test  of  »  wire  iu  which  «n  eartk 
cnnent  existed,  with  the  zinc  pole  of  the  bstteiy  to  line  eqailibriun 
was  obtained  when  <I,  was  8000  ohms.  On  reveraing  the  testiag 
cnirent,  equilibrium  was  obtained  when  d  was  flOOO  ohms.  Tbs 
resisluioeR  a  and  b  were  100  and  lOOQ  ohms  respectively,  and  th« 
xeststAnoe,  r,  of  the  battery  200  ohms.  What  was  the  redstajue, 
X,  tS  the  line  ? 

Jt  =  FmO  (i  +  ~)  +  lOOol  =  3200, 

therefore 

It  may  be  pointed  out  that   the  quantity  yi+il^jtJJ 

(.<•  +  «J  +  (•!  +  *} 

in  equation  (A)  ia  the  harmonie  mean  of   the  quantities  (A  +  (} 
and  (<I,  +  i). 

Various  abbreviatioiiB  of  formula  [A]  have  been  soggestod,  but 
none  of  them  are  satisfactory  except  under  certain  oonditioua,  and 
inasmuch  as  the  formula  is  only  required  occasionally,  the  advan- 
tage of  a  simpliBoation  wbioh  at  the  best  is  only  an  approximation 
is  a  doubtful  one. 

Xanix'i  Method.' 

269.  This  method,  devised  by  Sir  Uenry  Mance,  consiats  in 
making  the  observations  as  in  the  last  test,  but  without  revers- 
ing the  current,  tbe  first  observation  being  made  with  resistances 
a  and  ft  iu  the  arms  B  C  and  B  A  of  the  bridge,  and  the  seooad 
with  these  resiatanoce  changed  to  a,  and  b^.  In  the  first  ( 
then,  we  have 

iJC,  _    _      hx-ad 
E      -a(-I  +  r)  +  fc(a  +  r)' 


..(d.  +  rj  +  b^a.  +  r)* 


«  (d  +  r)  +  6  (a  +  r)       a,  (d,  +  r)  +  6,  (a.  +  r) 
•  '  Joiiriml  of  llio  Sorlely  of  TolegrftpU  Enginoera.'  H»y  8th.  1886. 
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multiplying  up,  and  extracting  x,  we  get 


ad 


[g»(^  +  0  +  fti(fli  +  0]-"gi^i  [<^{d  +  r)  +  h{a  +  r)] 


ai(^+r)  +  6,(a,  +  r)]-    \    [a(d  +  T) +  h(a  +  r)] 
_  aJ[(gi  +  &Or  +  ai 6t]  -  odi [(a  +  6)r  +  fl^] 

In  practice  Sir  Henry  Hance  prefers  to  make  b  =  a  and  h^  =  a^, 
in  which  case  the  formida  becomes 

For  example. 

In  making  a  conductivity  test  of  a  wire  in  which  an  earth 
curront  existed,  the  arms  a  and  b  of  the  bridge  were  each  made 
equal  to  100  ohms;  equilibrinm  was  then  obtained  when  d  was 
adjusted  to  750  ohms.  On  altering  a  and  h  to  1000  each,  balance 
was  again  obtained  by  making  di  equal  to  840  ohms.  The  resist- 
ance, r,  of  the  battery  was  200  ohms.  What  was  the  resistance  of 
the  line? 

^  750(2X200  +  1000)  -  840  (2  X  200  + 100)  _  , 

* (sh  +  fooo)  -  (750  +  100) ^'^^  ^  ''^'^^' 

With  further  reference  to  this  test,  see  next  chapter. 

Equal  Deflection  or  "  Fahe  Zero  "  MetJiod. 

270.  This  method  is  actually  that  described  in  the  Note  on 
page  137  and  in  §  145  of  the  same  page.  It  is  in  fact  Mance's  test 
with  a  battery  included  in  circuit  with  the  key* ;  r,  which  in 
]fance*s  test  is  the  resistance  of  the  battery  being  measured,  is  of 
ooorse  in  the  present  test  the  resistance  of  the  line  or  cable. 

In  the  practical  execution  of  the  test  it  would  be  necessary  to 
ihort-oircuit  the  galvanometer  at  the  moment  when  the  battery 
key  ia  depressed  or  raised,  otherwise  a  violent  movement  of  the 
needle  would  be  produced  by  the  staiic  discharge  from  the  cable* 

271.  When  the  battery  connections  for  measuring  conductivity 

*  It  has  been  stated  that  it  is  necessary  in  making  tliis  test  to  arrange  the 
kaj  to  that  when  it  is  raised  it  pats  in  circnit  a  resistance  equal  to  that  of  the 
liattaT :  bat  it  mnst  be  evident  from  the  reasoning  given  in  the  note  referred  to 
that  nis  is  altogether  mineceasary.    M.  Emile  Lacoine  drew  attention  to  this 

in  tbe  Ko.  M  the  *  Journal  Tdi^graphique '  for  Jan.  25th,  IS88. 
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are  made,  as  shon-n  by  Fig.  &o  (jiage  200),  then  in  order  to  pat  tlu 
zinc  current  to  line,  we  eliould  put  tbe  c^ble  or  line  to  C  and  Ui* 
earth  to  E.  To  put  tbe  copper  to  lime  we  can  oitker  reverse  U» 
battery  or  put  tbe  cable  to  E  and  tbe  earth  to  C,  whiclierer  is  nuMt 
convenient  to  the  experimenter. 

UXAStrilKUKKT  OF  THE   COSDDCTIVITY   EhsISTASCE  OF   <L 

SuDMAraKE  Cable. 

272,  When  we  are  nieaanring  tbe  conductivity  of  a  submarine 
cable,  wbiob  reqiiires  to  be  carefully  done,  the  best  method  to  adopt 
ia  tbe  following  : — 

Put  on  the  battery  current  for  half  a  minute  by  preoeing  dcnre 
the  rigbt-band  key  (Fig.  85,  page  200)  ;  at  the  eipiration  of  tliat 
time,  proceed  to  adjust  the  plugs,  pteBsing  down  tbe  left-hand  key 
as  required  until  equilibrium  is  produced;  continue  to  ad  just,  if 
tbe  needle  dooa  not  remain  at  zero,  and  at  the  expiration  of  half  t 
minute  note  the  resistance.  Now  reverse  the  battery  connectioai, 
put  on  tbo  current  for  half  a  ininnte  ;  again  measare,  again  ie>ew 
and  measure,  and  so  on  until  about  a  dozen  meaanrements  with 
either  current  have  been  taken.  It  will  usually  be  found  that 
aboet  half  Ibo  meaanrements  made  with  tbe  negative  current  an 
tbe  same,  and  also  half  tbe  measurements  made  with  the  podtiTe 
current;  tbcse  results  may  be  taken  as  tJie  correct  measnremflot* 
for  d  and  rf,. 

278.  In  order  to  reverse  tbe  current  through  the  cable,  we  oan 
either  reverse  the  battery,  or  the  line  and  earth,  conucctiona  (§  371). 
There  is  an  advantage  in  doing  tbe  latter,  as  by  this  in«aiis  the 
galvanometer  deflection  due  to,  say,  too  much  reeistanoft  being 
inserted  between  D  and  E  (Fig.  86,  page  200),  is  always  un  the 
same  side  of  zero,  although  the  direction  of  tbe  current  through 
tbe  cable  ia  reversed,  Thus  it  ia  eany  to  see  at  a  glance  in  every 
case,  and  without  cbance  of  a  mistako,  whether  balance  is  out  in 
consequence  of  too  much  or  too  little  resistance  being  inserted. 

274.  Tbe  presence  of  earth  currents  can  be  detected  whwi  the 
line,  galvanometer,  and  earth  are  joined  to  tbe  resistance  box,  by 
pressing  don-n  the  left-band  key  alone.  This  n-ill  cause  the  gab 
vanometor  needle  to  be  deflected  if  there  are  any  currents  present. 
A  line  is  seldom,  if  ever,  quite  neutral  in  this  respect. 

275.  It  ia  almoat  immaterial  what  battery  power  is  used  iu 
meaauring  conductivity;  sufficient,  however,  abould  be  naed 
to  obtain  a  good  deflection  on  the  galvanometer  needle  when 
equilibrium  is  not  exactly  produced.     About  10  or  20  oolU  ia  a 
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oooyenient  number  to  employ.  There  is  uo  duugcr  of  heating  the 
Twstanoe  ooils  with  Buch  a  power  if  the  battery  be  a  Daniell 
diarged  with  plain  water,  or  even  a  Leclanche,  as  their  internal 
nustanoes  are  oonsiderable.  It  would  not  be  advisable,  however, 
to  use  a  Grove  or  a  fiunsen  battery,  or  a  Daniell  charged  with 
acidnlated  water,  as  their  heating  power  is  great  in  consequence  of 
their  emaU  internal  resistances. 

EUUIMATION  OF  THE  BeSISTANCE  OF  LEADING   WiRES. 

276.  In  order  to  determine  the  exaot  resistance  of  the  con- 
ductor of  a  cable,  or  coil  of  cable  core,  for  example,  it  is  of  course 
neoeasuy  that  the  resistance  of  the  wires  leading  from  the  testing- 
room  to  the  tank  in  which  the  cable  or  core  is  placed,  should  be 
deducted  from  the  total  measured  resistance.  This  involves  a 
calculation  which,  although  slight,  still  might  be  avoided  with 
adTBntage,  especially  if  a  large  number  of  measurements  have  to 
be  made.  At  Messrs.  Siemens'  works,  at  Charlton,  a  very  simple 
doTioe  18  adopted  which  enables  the  resistance  of  the  leading 
wire  'to  be  eliminated,  thus  rendering  any  deduction  unnecessary. 
For  this  purpose  a  small  supplementary  slide  wire  resistance 
(S  20,  page  16)  is  connected  in  the  arm  A  E  of  the  bridge  (Fig.  84, 
page  197);  the  leading  wires  (when  counccted  to  the  bridge) 
being  looped  together  at  their  further  ends,  and  all  the  plugs 
being  inserted  in  AE,  the  slide  resistance  is  adjusted  till  balance 
is  obtained  on  the  galvanometer.  The  leads  are  now  connected 
to  the  cable  or  core  to  be  tested,  and  then  balance  is  again  obtained 
on  the  galvanometer  by  removing  plugs  from  A  E  in  the  usual 
manner.  This  being  done,  the  resistance  unplugged  in  A  E 
(allowing  for  the  ratio  of  the  arms  A  B,  B  C,  of  the  bridge,  if  the 
two  are  unequal)  obviously  gives  the  exact  value  of  the  resistance 
leqniredy  since  the  resistance  of  the  leads  is  balanced  by  the  slide 
resKBtance. 

Measorement  of  Battery  Eesistance. 

277.  The  resistance  of  a.  battery  which  consists  of  a  largo 
Dumber  of  cells  may  in  many  cases  be  measured  with  a  considerable 
degree  of  accuracy  by  means  of  the  Whcatstone  Bridge,  in  the 
foUoiring  manner : — 

DiTide  the  battery  into  two  equal  parts,  and  connect  the  two 
halves  together  so  that  their  electromotive  forces  oppose  one 
another ;  under  these  conditions  the  battery  may  be  treated  as  an 
ordinarv  resistance,  and  measured  as  such. 


HANDBOOK   OF   ELECTRICAL  TESTISO 


CHAPTER  IX. 

LOCALISATION  OP  FAULTS. 

2T8.  ThQ  theoretical  methods  of  testing  for  the  looftljtiea  ot 
fanlU  ore  compfiratively  simple,  but  their  practical  application 
preaents  some  diiBoulties. 

LoCiUSATlON  OF   A  FULL  EaRTH   FaULT. 

27d.  The  Bimpleet  kind  of  fault  to  localise  iu  a  oomplete  ftactnre 
where  the  fault  offers  no  reBistauce,  and  tho  conductivity  reeisUnoe 
0  gives  il«  position.  Thus,  a  line  which  was  100  miles  long, 
and  in  its  complete  condition  had  a  reeistanoe  of  1350  ohms,  that 
is  to  say,  a  resistance  of  VVo"  =  13*5  ohms  per  mile,  gave  a  reaist- 
anoe  of  270  ohms  when  broken.  Then  distance  of  fault  from 
station  was 


270 
18-5  ' 


21}  miles. 


liOCALISATION   OF  A   PARTIAL  EaBTH  FaULT. 

280.  When  the  fault  has  a  reeietanoe,  the  looalisation  1 
somewhat  difficult.    The  following  are  the  theoretical  method 
generally  adopted  (Fig.  104). 


Fia,  101. 

V         h       n 

± 

aSEat^h 

A 

n 

o     1.        ^ 

BUarO-CJE 


IILAVIEU'S  MbTHOD. 

381.  Let  A B  bo  the  line  which  has  a  fault/  at  C,  a.  Dvnw 
tlio  letting  station.  A  first  gets  B  to  ioeulato  his  end  of  the  Une. 
Ilo  then  measures  the  resieUnce,  which  we  will  call  I, 


M 
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then 

a+f^l; 
therefore 

f=l-a.  [1] 

Next,  B  puts  hifl  end  to  earth,  and  A  again  measnres.  Let  the  new 
reeiBtance  be  Z^,  then 

CaUing  L  the  resistance  of  the  line,  we  have  also 

a  +  h^Jj; 
therefore 

6  =  L  -  a.  [3] 

From  theee  three  equations  we  have  to  determine  a.  Sab- 
•titntiDg  in  [2J  the  values  of /and  h  obtained  from  [1]  and  [3],  we 

set 

(L-a)g-a) 

tli6i0fore 

o«-2oZi  =  LZ-LZi  -Hj; 

from  whidh,  since  a  mnst  be  less  than  l^  and  the  root  consequently 
negative, 

a  =  /i  -  V  (Z  -  /O  (L  -  /i)- 

A  fanlty  cable,  whose  total  conductivity  resistance  when 
perfect  was  450  ohms  (L),  gave  a  resistance  of  350  ohms  (Z)  when 
the  further  end  was  insulated,  and  270  ohms  (Z^)  when  the  end  was 
put  to  earth.  What  was  the  resistance  of  the  conductor  up  to  the 
fault  ? 

Resistance  =  270  -  V  (350  -  270)  (450  -  270)  =  160  ohms. 

If  the  length  of  the  cable  were  50  miles,  then  conductivity  per 
mile  equals  ^  =  9  ohms,  and  distance  of  fault  from  testing  station 
consequently  equals  ^^^-  =  16J  miles. 

Overlap  Method. 

282.  Two  measurements  are  made,  one  by  station  A,  and  the 
other  by  station  B,  A  and  B  insulating  their  end  in  turn.  Thus 
resistance  measured  from  A  when  B  insulates,  as  before  is 

a+f=l  [IJ 
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Itesielaitcc  measnrctl  friim  li  when  A  iuiiulittCH 


Snbtnctiiig  [2]  from  [1] 
and  ftdding  [3] 


I 


t+/= 


i  =  L  +  i-l,; 
h  +  l-l. 


4 


For  exam^t 

A  faulty  cable,  whose  total  conductivity  resiBtanco  when 
perfect  wns  450  ohms  ('L),  when  measured  from  A  with  the  end 
at  B  insulated,  gave  a  resistance  of  350  ohms  (I) ;  and  when 
leasured  from  B  willi  the  end  A  insulated,  a  rcBistancc  of  5fKI 


1^      ohms  (/.).    What  was  the  resistance  of  the  conductor  from  A  IQ^^^ 
K     fault  J^H 

^P  Resislanco  =  ^ — ■ =  I.IO  ohms.      ^^^H 


In  mnking  the  forogoiug  t«st  it  is  often  found  adve 
tageous  to  introduce  a  set  of  resistance  coiU  at  the  cud  of  the 
cable  nearest  the  fault,  and  to  vary  this  until  it  is  found  that  tlie 
measurements  made  at  the  two  ends  give  the  same  re&ulta.  The 
adviintage  of  tliia  arrangement  ia  that  if  the  same  amount  of 
Lattery  power  be  used  at  the  two  Etatious  the  test  current  flowing 
out  at  the  fault  will  be  the  same  in  both  cases,  conseqnently  the 
fiiult  is  likely  to  remain  constant  and  more  uniform  results  be 
obtained.  It  is  obvious  that  if  r  be  the  added  resistanoe,  then  the 
resistance  from  oilher  end  (the  resistance  r  being  taken  aa  forming 

jjart  of  the  cable)  will  be  —^^ —  ,  L  being  as  in  previous  cases  tlie 

total  conductor  resistance  of  the  {icrfect  cable.  ^^_ 

PltACTICAL   KXECUTIOK   OF   TeSTS.  ^^^| 

2B4.  So  far  the  testing  is  simple;  the  practical  applicstioD, 
however,  presenla  some  difficulty.  This  is  owing  to  the  variatiou 
of  the  resistance  of  the  fault  when  the  testing  current  is  pnt  to 
the  cable,  in  consequence  of  thid  current  acting  on  the  copper 
conductor,  and  through  the  agency  of  the  sea  water  covering  it 
>»nU,  which  besiiles  increasing  the  resistance  of  the  fault,  also 
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lets  up  a  current  opposing  the  testing  current.  To  make  a  proper 
test,  then,  it  is  necessary  so  to  manipulate  the  testing  apparatus 
and  battery  as  to  get  rid  of  the  polarisation  and  resistance  set  up 
by  the  salt  formed  on  the  fault,  and  to  measure  the  resistance  at 
the  moment  this  is  done.    The  following  is  known  as : — 


Lumsden's  Method. 

285.  The  further  end  of  the  cable  being  insulated,  the  con- 
ductor is  cleaned  at  the  fault  by  applying  a  zinc  current  from 
100  cells  for  ten  or  twelve  hours,  the  current  being  occasionally 
reyersed  for  a  few  minutes.  A  rough  resistance  test  is  then  made 
with  a  copper  current. 

A  positive  current  is  now  applied  to  the  cable  for  about  one 
minutay  using  two  or  three  cells  for  every  100  units  of  resistance 
which  have  to  be  measured.  This  coats  the  conductor  with 
oUoride  of  copper. 

The  cable  is  now  again  connected  to  the  resistance  coils,  and 
the  battery  and  galvanometer  connections  made  as  shown  by 
Fig.  85  (page  200),  the  zinc  pole  being  to  terminal  B'  and  the 
copper  to  terminal  E.  The  cable  must  be  joined  to  C,  and  earth 
(oE. 

Both  keys  being  depressed,  the  galvanometer  needle  is  care- 
fully watched  and  plugs  inserted  and  shifted  unit  by  unit,  so  as 
to  keep  the  needle  at  zero ;  for  the  action  of  the  negative  current 
IS  to  dean  off  the  chloride  of  copper,  and  thereby  to  reduce  the 
resistance  of  the  fault.  At  a  certain  point  this  decomposition 
becomes  complete,  and  the  needle  of  the  galvanometer  flies  over 
with  a  jerk,  showing  that  the  disengagement  of  hydrogen  has 
takem  place  at  the  fault,  which  enormously  increases  its  resist- 
anoe.  The  resistance  in  the  resistance  coils  at  that  moment  is  the 
required  resistance. 

The  fault  being  once  cleaned  by  the  application  of  the  100 
cells  for  ten  or  twelve  hours,  it  is  unnecessary  on  repeating  the 
measurement,  which  should  always  be  done,  to  apply  the  battery 
for  so  long  a  time ;  10  or  20  minutes,  or  even  less,  will  generally 
snffioe. 

When  the  measurement  is  made  with  the  further  end  of  the 
oaUe  to  earth,  the  same  process  of  preparation  can  be  employed. 

The  sale  at  which  the  -decomposition  of  the  salts  at  the  fault 
takes  plaas,  depends  to  a  very  great  extent  upon  the  strength 
of  the  current  flowing  out  at  the  fault ;  now,  if  the  latter  be  very 
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near  the  end  at  which  the  test  is  being  made,  tlic  reBwlMti 
between  the  testing  battery  and  the  fault  will  be  e»o  sraall  tlut 
the  changee  at  tbe  latter  will  tahe  place  with  great  rapiditjr,  and 
it  woald  be  a  matter  of  great  dilBculty  to  adjust  the  reai&tonoe  in 
the  bridge  quickly  enough  to  follow  up  tbe  change  of  resistoiut 
at  the  fault  as  it  takes  place.  To  avoid  this  difBcnIty  the  best 
plan  is  to  insert  a  registanoe  between  the  bridge  and  tbe  end  of 
the  cable ;  thia  will  retard  the  changee  by  reducing  the  utrcDgtli 
of  the  current  flowing  in  the  circuit.  The  value  of  this  reaistonca 
will  depend  entirely  upon  circamBtancee,  and  will  be  a  matter  of 
judgment  with  tbe  person  making  the  test,  but  in  any  caw  it 
should  not  be  out  of  proportion  to  tbe  actual  conductor  resistonoa 
of  the  cable. 

The  amount  of  battery  power  used  is  also  a  matter  dependant 
upon  circum stances,  but  tbe  higher  the  power  it  is  found  posaible 
to  use,  tbe  less  will  the  efiect  of  earth  cun-euts  influenoe  tbe 
accuracy  of  the  teat. 

The  resistances  employed  in  the  arms  A  B,  B  C  of  the  bridge 
(Fig.  85,  page  200).  will,  fo  some  extent,  modify  tbe  rate  ■( 
which  tbe  changes  at  tbe  fault  take  place,  and  here  again 
discretion   must  be  used,   as   no  definite  rule  con  welt  be  Iftid 

It  might  be  imagined  that  a  "  slide  resistance "  (page  IS) 
would  be  very  advantageous  for  making  a  test  of  this  kind,  Int 
practical  experience  shows  that  the  plug  resislanceB  aie  prefenMe 
in  many  c^eee. 

The  galvanometer  with  whiob  this  and  the  following  twt 
must  bo  made,  muat  be  an  ordinary  astatio  one  (page  19)  iritk 
fibre  suspended  or  pivotted  needles.  A  Thomson's  reSeotuig 
galvanometer  is  quite  useless  for  tbe  purpose. 

Before  making  the  test,  A  must  of  course  arrange  with  B,  or 
VIM  t«r»4,  at  what  time  and  for  how  long  is  he  to  insulate^  pvt  to 
earth,  &c,  hia  end  of  the  cable. 

Fahie's  AIethod. 
286.  Mr.  J.  J.  Fahie,  in  a  paper  read  before  the  Society  of 
Telegraph  Engineers,*  baa  given  the  reeulta  of  some  very  careful 
experiments  and  tests  which  he  has  made,  bearing  upon  the  subject 
of  testing  for  faults.     His  method  contains  many  valnable  p 
and  is,  in  the  author's  words  as  nearly  as  possible,  t 

•  *JoDrDal  of   tbe  Proceedings   of   tbe   Socitty   of  Telegnpli-E 
ToL  m,  page  372. 


vainable  poinu     i 
iB  foltomi^^M 
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The  cable-carrent  is  eliminated  by  sending  iato  the  line  the 
current  of  the  opposite  sign  to  that  coining  from  it,  and  arranging 
the  strength  and  dnration  of  thie  current  to  suit  the  strength  of 
the  one  from  the  cable.  Thus,  if  the  latter  be  strong  and  negative, 
put  (say)  sixty  cells  positive  to  line  for  a  couple  of  minutes,  and 
then  note  the  condition  of  the  cable-ciirrent ;  if  it  be  still  negative, 
but  weaker,  put  the  battery  on  again  for  a  short  time,  and  continue 
to  do  so  until  the  galvanometer  needle  indicates  a  weak  positive 
current  from  the  fault.  If  the  latter  be  now  left  to  itself  and  the 
cable  put  to  earth  through  a  galvanometer  the  needle  will  steadily, 
and  as  a  rule  leisurely,  fall  to  zero  and  pasa  over  to  the  other  side, 
indicating  a  negative  current  again  from  the  fault.  While  the 
needle  is  on  zero  the  line  is  free  and  in  a  fit  state  for  the  sub- 
sequent test. 

If  the  cable-current  be  positive,  put  sixty  coUb  negative  ou 
until  the  fault  is  depolarised ;  the  elfect  in  this  case  is  more  brief 
than  in  the  other,  the  needle  falling  quickly  to  zero  and  crossing 
to  its  original  position. 

Having  once  eliminated  the  current  from  the  fault  (and  the 
operation  very  rarely  escoeds  ten  minutes  in  the  most  obstinate 
cases)  the  cable  can  always  be  kept  free  by  momentary  applica- 
tions of  the  necessary  battery  pole.  Thus,  if  the  needle  begin  to 
move  off  zero  in  the  direction  indicating  a  negative  current  from 
the  fault,  a  positive  current  applied  for  a  moment  will  bring  it 
back,  and  vice  tend.  In  practice  it  is  best  to  repolarise  the  fault 
slightly  in  the  opposite  direction,  as  a  little  time  is  thereby  gained 
to  arrange  the  bridge  for  a  test. 

Having  shown  how  to  prepare  the  cable,  the  test  will  now  be 
deecribod.  The  bridge  is  arranged  as  shown  by  Fig.  105 
(page  260.) 

P  is  the  infinity  plug ;  when  this  plug  is  removed  the  conneo- 
tioii  between  the  branch  coils  6  aud  the  resistance  d  is  severed; 
E,  is  an  ordinary  key  for  putting  the  line  to  earth  through  the 
galvanometer  G,  or  to  the  bridge  as  may  be  required.  'J'he  rest 
needs  no  explanation. 

First  ascertain  by  an  ordinary  teat  the  approximate  resistance 
of  the  faulty  cable  and  leave  it  unplugged  in  d.  Next  allow  the 
line  to  rest  for  a  few  minutes  in  order  that  il  may  recover  itself 
from  the  effects  of  the  current  employed  in  this  preliminary  test, 
ftnd  then  depress  E,,  and  observe  the  cable-current  on  the  galva- 
nometer G, ;  let  it  be  positive,  open  the  key  Kj,  remove  the  plug 
P,  and  send  *  negative  current  from  the  testing  battery  of  (say) 
sixty  cells  into  the  cable  via  the  branch  wills  a,  which  should  be 
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I  to  avoid  heating.  When  the  cable-oiiirent  haa  Ixtfli 
repolariHed — a  fact  whiati  may  be  ascertained  by  puttiDg  the  cable 
to  aarth  at  intervals  throngh  Gj — arrange  the  bridge,  close  tottaj 


key  Kj,  and,  keeping  the  cable  to  G,,  watoh  till  the  weedle  (wnift 
to  zero ;  at  that  moment  let  K,  fly  back,  and  send  a  negative 
current  through  the  bridge  system,  obnerving  the  iustantaneoM 
effect  on  the  galvanomeler  Gj.  If  d  bo  too  great  the  netdlo  wUl 
be  deflected  in  a  direction  {say  to  the  right)  indicative  of  this,  but 
immediately  after  it  will  rush  across  zero  and  np  the  other  side  of 
the  galvanometer  (to  the  left),  showing  that  tlie  cable  carmnt  hxa 
again  set  in.  If  d  be  too  small  the  needle  will  pass  to  the  left,  at 
first  slowly,  but  immediately  after  with  a  bound,  d  is  now  ad- 
justed, resistance  is  inserted  or  removed  tks  required,  and  the 
eliminating  process  begun  again.  As  d  more  nearly  resembles  th» 
resistance  of  the  cable,  the  first  and  instantaneone  deflections  after 
battei'y-contact  become  smaller;  and,  when  d  and  the  cable  n- 
sistance  are  equal,  the  needle  trembles  over  the  zero-point  for  • 
moment,  and  then  rushes  over  to  the  left  under  the  influenoe  of 
the  cable  current. 

Should  the  current  given  off  by  the  fault  be  negative,  having 
arranged  the  bridge  as  before,  repolarise  the  fault  with  a  poeitivo 
batt«ry  current,  and,  waiting  till  0,  shows  the  cable  free,  proceed 
to  test  aa  before,  but  using  a  positive  current  instead  of  a  negadvi!. 
Should  (£  be  too  great  the  needle  of  G,  will  be  deflected  in  thii 
case,  first  to  the  l«ft  and  then  to  the  right.  Should  it  he  too 
thena^ie  will  move  to  the  right,  at  first  slowly,  but  inim«di 
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•Iter  with  a  msli.  The  galvanometer  G^  rnufit  always  be  ready, 
aad  not  short  oirouited,  else  the  first  and  instantaneous  deflections 
after  hatteiy-contact  will  not  be  perceived. 

In  practice  it  is  foand  that  when  the  cable  current  is  positive 
it  is  easily  eliminated  by  a  negative  current,  but  that  when  it  is 
negative  the  operation  with  a  positive  current  is  more  difficult. 
Indeed,  it  is  better  not  to  employ  a  positive  testing  current  at  all 
except  fi>r  a  moment  when  it  is  required  to  eliminate  a  weak 
negative  cable  current.  A  positive  current  applied  for  a  few 
seconds  in  this  manner  has  only  time  to  depolarise  a  fault,  but 
when  continued  longer  it  seems  to  actually  coat  the  exposed  wire 
with  badly  conducting  substances,  by  which  the  total  resistance 
is  increased. 

It  will  be  noticed  that  when  the  fault  is  depolarised  by  a  posi- 
tive cuTTent  of  any  duration  it  does  not  recover  itself  for  a  long 
time.  If  a  galvanometer  be  joined  in  circuit,  its  needle  will 
remain  at  or  near  zero  for  a  considerable  time,  occasionally  oscillat- 
ing feebly.  The  depolarisation  by  a  negative  current,  on  the  other 
hand«  lasts  only  a  few  moments. 

The  whole  of  the  foregoing  ol>servations  do  not  appear  to  be 
applicable  to  every  fault.  Thus,  when  the  fault  has  considerable 
resitftanoe  in  itself,  or  when  more  faults  than  one  exist,  it  is  not 
always  possible  to  eliminate  the  cable  current  Again,  when  the 
fikult  possesses  resistance,  the  direction  and  strength  of  the  cable 
current,  when  the  distant  end  is  alternately  insulated  and  put  to 
earth,  do  not  always  coincide.  For  example,  a  fault  occurred  on  a 
six-mile  piece  of  shore-end  cable,  which  reduced  the  insulation  re- 
nstanoe  to  about  2000  units  absolute.  Now,  when  the  farther 
end  of  this  piece  was  to  earth,  a  strong  negative  current  was  often 
obtained,  but  when  it  was  insulated  the  cable  current  was  slight, 
and  positive.  Again,  when  the  fault  is  further  off  than  about  150 
miles,  and  the  intervening  cable  perfect,  the  charge  current  inter- 
feres with  the  test. 

2d7.  The  principal  obstacle  found  in  testing  for  faults  is  the 
presence  of  ecurth  currents.  If  it  were  not  for  these  there  would 
really  be  but  comparatively  little  difficulty  in  making  satisfactory 
tests.  But  even  earth  currents  would  not  create  any  serious  diffi- 
culties, provided  they  keep  constant  in  strength  and  direction  for 
any  length  of  time;  this,  however,  is  unfortunately  seldom  the 
case,  and  it  is  often  only  by  patient  watching  that  a  few  seconds 
oan  be  obtained  when  the  cable  is  in  a  quiescent  condition,  and  a 
test  of  correct  valtie  made. 
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The  earth  current  .lifficnlty  ia  especiaUy  met  with  in  lung  a 
and  it  le  not  uncomnion  for  days  to  pass  without  a  satiaftictor/  tMt   | 
lieiDg  made, 

Makce's  Method. 

288.  This  meUiwi,  devised  by  Sir  Henry  Mance,  hus  fyr  it* 
object  the  elimioatiuu  of  thu  effects  of  an  earth  carreiit  in  ■  oable 
when  making  a  resistance  test.  The  general  principle  of  thii 
method  has  heen  described  on  page  2oO.  As  compared  with  the 
ordinary  '■  Equilibrium  Method "  (page  248)  it  has  the  advantage 
that  the  polarisation  current  does  not  become  changed,  as  it  is  liable 
to  do  when  reversed  currents  are  sent  from  the  teeting  batteries; 
moreover,  as'  the  test  can  he  made  with  a  negative  current  only, 
the  resistance  of  the  fault  does  not  alter  materially,  as  it  ix  liable  to 
do  when  a  positive  current  ia  applied. 

In  making  the  test  piactically,  Sir  Henry  Mance  considers  that 
the  simplest  plan  and  the  one  giving  the  best  results  is  to  have 
the  resistanceB  a  and  6  (Fig.  103.  page  248)  of  equal  valne ;  the  100 
and  1000  pairs  of  proportion  coils  in  Ihe  ordinary  bridge  would  be 
used  generally  for  the  purpose.  The  teat  is  commenced  by  observ- 
ing the  resistance  d  with  the  sm>iller  jisir  of  coils,  etiiUiwing  the  teil 
until  the  retitlance  of  the  fault  appears  fairly  eteadi/,  when,  balance 
being  obtained  by  adjusting  d,  the  galvanometer  is  short  circuited 
for  an  instant  whilst  changing  the  100  coils  to  1000,  and  then 
balance  is  again  obtained  byre-adjusting  d  to  d^.  This  opera- 
tion should  be  several  times  repeated,  and  the  pair  of  readings 
which  seem  moat  likely  to  be  correct  are  then  used  for  determining 
X  from  the  formula.  In  working  the  method  care  should  be  taken 
that  the  battery  ia  in  good  condition  and  that  its  resistance  is  not 
high.  If  the  conductor  is  not  broken  and  Me /dull  is  a  gmall  ome, 
Bufficieut  resistance  should  be  added  at  the  end  nearest  the  fault 
to  bring  the  latter  near  the  centre  (§  283,  page  256).  The  tesU 
from  either  side  will  then  compare  well  with  each  other.  In 
arranging  this,  the  resistance  of  the  batteries  must  not  beovet- 
looked,  and  it  is  therefore  desirable  that  all  stations  should  use 
similar  batteries  with  approximately  the  same  internal  resistance. 

When  testing  with  the  1000  to  1000  proportion  ooils,the  obeer- 
tiona  will  generally,  but  not  invariably,  be  higher  than  when 
using  the  100  to  100  branches.  This  will  depend  on  the  earth 
currents  existing  at  the  time.  The  corrected  result  will,  however, 
be  approximately  the  same,  although  the  readings  may  indicate  an 
alteration  of  several  hundi'cds  of  units  iu   the  resistance  tested* 
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The  duly  rariatiuna  in  the  testa  to  a  faalt  may  of  cause  be  due  to 
alterations  in  the  fault  itself,  especially  if  it  ie  a  email  one.  The 
applicaticm  of  the  correction  will,  however,  at  once  show  how  ranch 
is  dne  to  the  fault,  and  to  what  extent  the  tests  are  aGTected  by 
other  disturbing  influences.  Should  the  alterations  be  caused 
l^  the  latter,  there  wilt  be  no  material  change  in  the  corrected 
nsnlta. 

289.  For  the  purpose  of  applying  the  test  with  ease  and 
Gertkinty  Sir  Henry  Mance  hEis  devised  a  form  of  bridge  specially 
ad*pt«d  for  the  purpose.  In  this  apparatus,  which  is  shown  by 
i,  a  switch  is  provided  for  rapidly  changing  the  proportion 


coils  from  100  to  lOOO,  and  pic*  versa ;  a  set  of  single  ohm  slide 

resiatancea  t,page  Iti)  is  also  added  for  the  purpose  of  adjusting 

fe^flu  autiu  resistance  (d  and  d^)  with  rapidity. 

Kennellv's  Law  of  Fault  Hesistance. 

290.  When  a  cable  which  has  become  broken  has  its  resistano* 
meunred  in  order  to  determine  the  locality  of  the  break,  the 
valne  of  this  resistance  represents  tlie  resistance  up  to  the  fault 
plus  the  resistance  of  the  fault  itself.  Now  altbuugh  by  Lums- 
den's  method  (page  257)  it  is  often  poaeible  to  nearly  eliminate 
the  resistance  of  the  fault,  yet  thia  cannot  always  be  done.  In  a 
recent  paper  read  before  the  Society  of  Telegraph- Eugineera  and 
Electrioians,*  Mr.  A.  E.  Kennelly  has  pointed  out  as  the  result  of 
nmaercms  experiments,  that  when  the  current  flowing  does  not 
i  and  Eleolricienv, 
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exceed  25  milliamp^res  (jHtt  amp^x^)  the  resistanoe  of  the  fknlt 
in  a  broken  cable  yaries  inveraely  as  the  tqwure  root  of  the  cnrreiit 
passing,  this  is  to  say,  for  example,  if  we  qwidrupU  the  current  we 
halve  the  resistance.  As  a  conseqaence  of  this  law,  it  is  shown 
that  it  is  possible  to  determine  what  is  the  resistance  of  the  cable 
up  to  the  break,  independent  of  the  resistance  of  the  break  itsdf. 

Let  r  be  the  resistance  of  the  broken  cable  up  to  the  fii^iilt,  and 
f^  and  /,  the  resistances  which  the  fault  has  when  the  cuneots 
passing  are  c^  and  e^  respectiyely,  then  by  the  law  stated  we  haTe 

/i :  /a : :  V^ :  /cj 

therefore 

Let  Rx  ^^^  ^  he  the  total  measured  resistances  when  the 
currents  c^  and  c,  are  passing  respectively,  then  we  have 

therefore 

/i-Bi-«- 

or 

therefore 

Rj  \'c7-  r  V«j  =  ^i  V<^i  -  ^  V^^if 
therefore 

^  (V^^i  -  Vcj)  =  Ri  V<?i  -  Ra  V<^ 
or 

IVr  example. 

The  measured  resistance  of  a  broken  cable  when  the  current 
passing  was  25  milliamp^res  (c^)  was  435  ohms  (Ri),  but  when  the 
current  was  reduced  to  9  milliamp^res  (c^  the  measured  resistance 
was  found  to  be  445  ohms  (R,)  ;  what  was  the  resistance  (r)  of  the 
ctible  up  to  the  break  ? 

/~^  =  3,   and,    V  2h  =  5, 
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tlbsrefore 

r=i?i2<ij^|ii2L?=  420  ohms. 
6-3 

It  is  obvions  that  the  yalues  of  Ci  and  c^  might  be  determined 
by  placing  a  low  reBistance  galyanometer  in  cirouit  with  the  cable 
whilat  the  tests  are  being  made,  and  noting  the  deflections  obtained 
in  tbe  two  cases.    The  strengths  of  the  current  could  be  varied 
either    by  changing   the   battery   power   or   by    changing  the 
resistances  in  the  arms  of  the  bridge,  as  in  Mance's  test.     Mr. 
KenneUy  prefers  to  adopt  the  latter  method  and  to  calculate  the 
strengths  of  the  current  passing,  instead  of  haying  a  galvano- 
meter in  the  cable  circuit  as  suggested.     In  order  to  eliminate 
the  effidcts  of  earth  currents  he  balances  to  a  flEdse  zero  (§  270, 
page  251). 

Kingsford's  Method. 

291.  This  method  is  a  modification  of  Blavier's  test  and  its 
object  is,  that  in  both  the  measurements  made,  yiz.  one  with  the 
further  end  of  the  cable  insulated  and  the  second  with  the  further 
end  put  to  earth,  the  current  flowing  out  at  the  faxdt  shall  be  the 
same.  This  is  eflected  by  connecting  a  resistance  to  the  end  of  the 
cable  nearest  to  the  fault  when  the  first  measurement  is  made.  If 
this  resistance  be  r,  then  formula  [1],  page  255,  becomes 

/=Z_(a  +  r), 
which  makes  the  value  of  a 

o  =  /,  -  V(J-/i-r)(L-Z,)-  [A] 

Now  r  in  this  equation  requires  to  be  of  such  a  value  that  the 
current  flowing  through  the  fault  in  the  two  measurements  is  the 
same ;  thus  if  £  be  the  electromotive  force  causing  the  current  C, 
we  must  have 

E 


C  = 


r  +  a  +/ 


and 

0  = 


E Jb E6 


*  *  Prooeedings  of  the  Society  of  Tolegraph-EDginoers/  Vol.  XIV.,  Dee.  lOlh, 
1885. 
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therefore 

E  Eh 


r+a+f  ah  +  af+bf 

therefore 

r6-f  a6-f-6/=  ah  +  a/+h/ 
or 

r6  =  a/, 
that  is 

r  = 

but 


*-  =  T' 


/=Z-(a+r), 
and  also  (page  256,  equation  [3]) 

6  =  L  —  a  ; 

therefore 

a(Z  —  a  —  r) 

r  =  — T » 

L  —  a 

therefore 

Lr  —  ar  =  aZ  —  a^  —  ar 

that  is 

Li 

What  we  have  then  to  do  is  first  to  make  rough  tests  of  I  and  Z^, 
giving  r  any  value  we  like,  and  then  having  worked  out  the  value 
of  a  from  equation  [A]  (page  265)  to  insert  the  value  in  equation 
[B],  and  thus  to  obtain  r  approximately.  We  then  make  new  tests 
of  I  and  Zi,  giving  r  this  calculated  value ;  this  (from  equation  [A]) 
will  give  us  a  nearer  its  correct  value.  The  corrected  value  of  a 
thus  obtained  is  then  inserted  in  [B],  and  r  again  worked  out,  and 
the  new  value  thus  obtained  is  used  to  make  a  third  test  which 
will  enable  tis  to  get  the  value  of  a  closer  still.  Thus  by  making 
a  series  of  tests  in  this  way,  we  soon  arrive  at  one  which  gives 
very  approximate  results,  i.  e.  results  such  that  when  we  work  out 
a  from  formula  [A]  and  then  insert  it  in  formula  [B],  we  find  that 
the  value  of  r  obtained  from  this  formula  corresponds  closely  with 
the  value  of  r  which  we  are  using  in  making  the  test. 

A  continued  experience  of  this  method  of  testing  has  shown 
that  it  enables  very  satisfactory  results  to  be  obtained. 

292.  Practice  is  required  before  any  of  the  foregoing  tests  can 


LOCAUSATTON   OF   FAULTS.  267 

be  satisfactorily  made.  An  artificial  liae,  howovor,  caa  easily  l>e 
foritied  with  resietanoe  ooiU  to  represent  the  resistance  of  the  line 
up  to  the  fanit,  and  a  short  piece  of  cable  core  wliich  has  been 
pierced  with  a  needle  for  ihe  fault  itself.  This  piece  of  core 
Hhould  be  immersed  In  a  vessel  of  sea-water,  using  a  piece  of 
galvanised  iron  plate  or  wire  for  an  earth.  By  this  means  a  very 
fair  idea  of  »ome  of  the  difficulties  encountered  in  testing  for  faultfli 
in  cables  may  be  obtained,  and  good  practice  made.  ^m 


Jacob's  Deflection  Method. 

293.  A  disadvantage  in  using  the  Wheatstoiic  bridge  for 
meastiriug  the  resistances  in  the  foregoing  methods  is  the  time 
it  takes  to  arrive  at  balance,  and  the  difSculty  of  seeing  what  is 
happening  in  the  way  of  earth  currents,  polarisation,  Ac. ;  the 
determination  of  the  resistance  by  deflection  is,  however,  as  rapid 
a  tneth'id  as  oaa  be  desired,  and  allows  of  oontinnouH  observation 
of  the  behaviour  of  the  fault.  The  only  requirements  for  the  test 
are,  the  battery  with  a  reversing  switch,*  a  Thomson  mirror 
galvanometer  with  a  reversing  key,*  and  a  set  of  resistance  coila. 
The  battery,  galvanometer  and  cable  are  first  joined  up  in  circuit, 
one  pole  of  the  battery  and  the  further  end  of  the  cable  being  to 
earth  ;  and  the  galvanometer  being  ehunt«d  by  a  tthunt  of  very 
low  resiBtance  (a  thort  piece  of  wire  answers  well  for  this  purpose). 
The  needle  of  the  galvanometer  is  turned  so  that  it  has  a  large 
inferred  zero  (S  67,  page  67) 

The  apparatus  being  thus  joined  np.the  battery  is  switched  on 
and  one  of  the  galvanomeler  reversing  keys  depressed  so  that  the 
needle  of  the  galvanometer  turns  in  the  direction  necessary  to 
bring  the  spot  of  light  on  the  scale  ;  by  adjusting  the  shunt  this 
defleotion  is  brought  to  a  convenient  position.  The  galvanometer 
reversing  key  is  now  released,  the  battery  is  reversed  by  means  of 
its  switch,  and  then  the  seoond  reversing  key  of  the  galvanometer 
is  depressed  so  that  the  deflection  of  the  galvanometer  needle  is  in 
the  same  direction  as  it  was  in  the  first  instance.  Since  in  one 
ease  the  battery  current  is  in  the  satne  direction  as  the  earth 
oarrent,  and  in  the  other  case  it  is  opposing  it,  the  two  deflections 
will  differ,  but  by  a  judicious  adjustment  of  the  shnnt  and  of  the 

nagnitade   of  the  inferred  zero  it  may  be  arranged  that  both 

^B  deflections  come  well   within  the  range  of  the  ^cale,  the  shnrf^J 

L  1 
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being  tlie  same  in  both  coBea.  Those  preUininaric«  heinfj  armuged, 
the  fihunt  and  the  zero  position  mnst  not  be  altered  during  the 
aeries  of  tests.  A  nnmber  of  deflections  are  now  taken  with  each 
current,  and  hya  proper  manipulation  of  the  short  circuiting  tev," 
the  OKcillatione  of  the  needle  can  be  checked  en  quickly  that  the 
value  of  the  deflections  can  be  detennined  within  two  or  three 
seconds  or  lees  after  the  battery  has  been  switched  on:  thus  the 
behaviour  of  the  fiiult  can  be  carefully  obborved  and  the  reliability 
of  the  readings  with  either  current  assured  without  any  great 
difficulty. 

After  the  necessary  deflections  have  been  determined,  the  set 
of  resiatances  is  snbatitutod  in  the  place  of  the  cable,  and  the 
deflections  obtained  are  reproduced. 

Let  d,  and  d,  be  the  deflections  obtained. 

Let  E  and  e  be  the  respective  electromutive  forces  of  the  battery 
and  of  the  earth  or  cable  current. 

Let  X  be  the  resistance  being  measured. 

Let  R,  and  Kg  be  the  resistances  required  to  reproduce  the 
defltctione  d,  and  d,. 

Lastly,  let  C,  and  C,  be  the  currents  producing  the  deflections 
di  and  d,;  and  let  R  be  the  lesistanoe  of  the  battery  and  shunted 
galvanonieter. 

Now  when  the  deflections  are  taken  on  the  cable  we  have 


C, 


E  +  as 


4 


When  the  same  deflectlonB  are  taken  with  the  resistance  ooils 
in  the  place  of  the  cable,  then  we  have 
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or 


or 


ilierefore 


We  also  have 


E  + 

e       B-f-JB 

E 

~B  +  Bi' 

1  + 

«       R  +  x 
E  ~  R  -  B, ' 

e 
E  " 

R  +  « 
R  +  Ki 

E- 

e           E 

B  +  a;      R  +  Bo' 


or 


e^  B  +  a? 


therefore 


B  B  +  Ra' 


B  +  o;  _  J  ^  J  _   R  +  a? 


therefore 


or 


R  +  Rj  R  +  Ra 

2(R+R|)(R  +  Ra)      J.  ... 

^-CR  +  RO  +  Ctt  +  R,)"-"  L^J 

that  IB  to  say,  x  equals  the  harmonic  mean  of  (R  -|-  R^)  and  (R  +  R^), 
minus  R.  In  fact  we  have  to  add  R  to  both  R^  and  R,,  take  the 
harmonio  mean  of  the  results,  and  then  subtract  R  from  this  mean. 
If  R  can  be  made  so  low  as  to  be  negligible,  then  of  course  the 
formula  becomes  considerably  simplified,  x  being  equal  to  the 
harmonic  mean  of  R^  and  R,. 

Although  R  oonld  be  determined  by  a  separate  measurement 
and  then  inserted  in  the  formula,  there  is  no  absolute  necessity 
for  doing  this,  since  we  have  actually  all  the  data  requisite  to 
determine  x  without  knowing  the  value  of  R.  From  equation  [3] 
we  have 

Ci  Ri  =  E  -  Ci  R, 
and  from  equation  [2] 

Cj  R2  =  E  —  Ca  R ; 
therefore 

C,  Rj  +  C2  R3  =  2E  -  R(Ci  +  Cj). 


J  V  ££jaB(«iK  or 

X, 


:i»*m   i .» 


X- 


c  i:  —  r,  t 

C-  BDCC 


4^  laui  4^  w^  smr^ 


ii^;«rK7  ^  ^  «iTiMl4e  tias  B  i^Knld  not  bave  a  ki||^  ^vala^  inr 
mMMM  vkidiL  kaT«  been  ex|:*luDed  in  {  iO;,  pik^  ^Sl 

If,  k':nr<rT«rf  cquatxn  [B]  k  made  lae  cf  it  waU  be  SBOOHaiy 
t//  uaIk:  tfaier  ser>  ^  tJbe  gilTm&oi&rter  sone  poEsf  cm.  aai  ao*  ol^ 
\J^  w:tJih^  <AiMTwi*«  ve  i^TOcd  &-:<  kzK>v  wbai  are  tke  trae  Tallies 
</f  Um;  dtrflactiocis  <l.  a&d  <l2.  Bt  ^'^V^g  tbe  aero  al  the  ertremo 
«!EMi  'A  xhfi  fecal«  the  range  will  be  TC^J  diTiaona.  wbick  will  ^CBer- 
ally  ecabkr  avifficientlr  aoc^irate  testa  to  be  eflected. 


Kjcmpe's  Loss  or  Cra£Err  Tsr.* 

294.  In  this  teat,  which  is  shown  bj  Fig.  107,  a  hatteiy  E  is 
permaneotlj  oonnected,  throngh  a  galTanometer  G|,  to  one  end  A 
of  tb«  cable*  the  farther  B  being  connected  to  earth  throogh  a 
aeciod  galvonometer  6. 

Let  C«  be  the  current  sent  throngh  the  galvanometer  G^,  and 
let  CV  be  the  current  received  on  the  galvanometer  G,  then 

C  -  C  /  or  f         =  ^' 

*^'  -  ^V+fc  +  G'  "'•  7+T+G      C.  • 

*  Tbii  tost  WM  lint  described  by  the  Anthor  in  the  seoond  editkm  of  the 
prtMOt  work  Id  the  year  1881,  bat  it  was  alao  independentlj  deviaed  bj  H. 
Kiiiil«  Lttcoine  And  described  by  him  in  the  *  Bulletin  de  la  Society  InteniatioDsle 
dcs  Kleetrident,'  for  April  1888. 
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Let  the  resistance  beyond  A  be  I3,  then 


Fio.  107. 


^i^*^ 


C  I   ^ 


<ZH 


Earth  Earih  Earth 

also,  as  in  the  previous  tests,  let 

a'{-h  ^It,  or,  (  =r  L  ^  a, 

then  by  snbstitntion  we  get 

a 


k^a  +  ^(L^a  +  Q); 


therefore 
that  is 

or 


C.l3  =  C.a  +  C,(L+Q)C,a, 
a(C.-a)  =  C.Z3-C,(L+G), 

G,  —  C^ 

L  in  this  equation  is  known,  it  being  the  conductor  resistance  of 
the  cable  when  sound,  l^  is  easily  determined,  when  the  obser- 
vations with  the  cable  are  completed,  by  joining  up  the  galvano- 
meter Qi  and  battery  E  in  circuit  with  a  set  of  resistance  coils, 
and  then  adjusting  the  latter  until  the  deflection  on  the  galvano- 
meter Qi  is  observed  to  be  the  same  as  it  was  when  the  cable  was 
in  circuit;  the  resistance  in  the  resistance  coils  then  gives  the 
value  of  Z3.* 

In  order  to  determine  C.  and  C,  we  must  compare  the  defleo- 
tions  they  produce  on  the  respective  galvanometers  with  the 
defleotions  obtained  on  the  same  galvanometers  from  a  standard 
onrrent,  such,  for  instance,  as  that  given  by  a  standard  Daniell 

♦  See  §  8,  page  1. 


r 
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cell  (r079  volts)  (page  149),  working  through  1079  ohiuE,  that 
is  a  ourrent  of  1  milliamp^re. 

Snppoeing  both  etations  are  furnished  with  standard  colls,  then  . 
eaoh  etation  having  noted  the  deflection  obtained  when  in  oironit 

wilh  the  cahle,  diBOonnecta  hU  gaWanometer  from  the  latter,  and  | 

puts  it  in  circuit   with    a  standard  cell    and  a  certain    definite  j 

resistance,  say,  1079  ohms,  inclnding  the  resistance  of  the  gal-  j 

vanometer.     The  deflection  is  again  noted ;  then  this  deflection,  I 
divided  into  the  deflection  obtained  when  the  cable  waB  in  circuit,  ^ 

gives  the  value  of  C,  or  C,,  as  the  case  may  Vie.  1 

For  example. 

In  testing  a  oable  by  the  foregoing  test,  the  conneotions  being       ! 
made  as  in  Fig.  1 07,  station  A  obtained  a  deflection  on  his  galvano* 
meter  equivalent  to  2800  divisions  ;  station  B  obtained  a  deflection 
equivalent  to  1520  divisions. 

The  deflection  obtained  by  A  on  his  galvanometer  with  a 
standard  cell  through  1079  ohms  was  100  divisions,  and  the  de- 
flection obtained  by  station  B  with  a  similar  battery  working 
through  1079  ohms  was  95  divisions;  then  I 

.2800_  -lfi20_  I 


c.= 


The  value  of  Ij  was  found  to  be  280  ohms,  and  the  valaes  of  L  and 
0  were  known  to  be  345  ohms  and  >'>  ohms  respectively.     What 
the  value  of  a  ? 


,  (-28  X  280)- [16  X  (8*5+ 5)]  ^  ,^5.,  ^^^ 


fhnn        ' 


If  the  cable  had  a  conduotivity  resistAnce  of  lOohms  per  mile,  then 
the  distance  of  the  faalt  from  A  would  be 


A  great  advantage  which  this  test  possesses  lies  in  the  fact. 
that  all  the  necessary  observations  with  the  cable  can  be  made 
simultaneously,  station  A  arranging  with  stat'on  It  that  at  a 
dt.'finite  time  the  observations  are  to  be  made  on  the  galvanometers  ; 
there  is  thus  no  chance  of  error  from  the  fanlt  changing  its  resist- 
ance between  two  independent  observations,  as  might  occur  in  the 
other  tests. 

It  has  been  assumed  that  this  test  has  been  made  with  Thom- 
son galvanometers,  and  it  is  advisable  if  possible  to  employ  them  ; 
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the  direotiiig  magnets  in  the  instruments  wonld,  however,  have 
to  be  placed  very  low  down  and  very  low  shunts  employed,  other- 
wise the  deflections  obtained  would  be  beyond  the  range  of  the 
scale. 

295.  It  will  sometimes  be  found  that  the  cable  is  traversed  by 
an  earth  current.  The  effects  of  this  may  be  eliminated  (as  first 
suggested  by  Mr.  Latimer  Clark)  by  means  of  a  compensating 
battery  of  one  or  two  [ar^e-sized  Daniell  cells,  inserted  between 
the  end  of  the  cable  and  the  galvanometer.  The  number  of  these 
cells  used  should  be  slightly  in  excess  of  that  required  to  counter- 
act the  earth  current,  exact  balance  being  obtained  by  means  of  a 
shunt  inserted  between  the  terminals  of  the  battery.  To  effect 
this  adjustment,  previous  to  putting  on  the  battery  E,  we  should 
connect  the  galvanometer  to  earth,  and  then  adjust  the  compen- 
sating battety  shunt  until  no  deflection  is  obtained.  This  being 
done,  the  battery  E  is  connected  up  and  the  test  made  as  if  no 
earth  current  existed. 

It  will  seldom  be  found  that  a  larger  compensating  battery 
than  one  or  two  cells  is  required  to  produce  a  balance,  and  if 
these  be  of  a  large  size  their  internal  resistance  may  practically  be 
ignored. 

It  is  advisable  to  make  the  current  from  the  testing  battery 
flow  in  the  same  direction  as  the  current  which  tends  to  flow  from 
the  compensating  battery;  thus,  if  the  latter  requires  to  be 
inserted  so  that  the  zinc  pole  is  connected  to  one  terminal  of  G^ 
and  the  copper  pole  to  the  end  A  of  the  cable,  then  the  copper  pole 
of  the  testing  battery  should  be  connected  to  the  second  terminal 
of  Qi  and  the  zinc  pole  to  earth. 

Best  Conditions  for  making  the  Test, 

The  resistances  of  the  battery  E  and  galvanometers  G  and  G^ 
should  be  as  low  as  possible. 

The  Loop  Test. 

296.  When  a  faulty  cable  is  lying  in  the  tanks  at  a  factory  so 
that  both  ends  of  it  are  at  hand,  or  when  a  submerged  cable  can 
be  looped  at  the  end  farthest  from  the  testing  station  with  either 
a  second  wire,  if  it  contains  more  than  one  wire,  or  with  a  second 
cable  which  may  be  lying  parallel  with  it,  as  is  often  the  case, 
then  the  simplest  and  most  accurate  test  for  localising  the  position 
of  the  fault  is  the  loop  test. 
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f^5t  X  \>h  the  resistance  from  C  to  the  fault,  y  the  resistanoe 
tftim  K  iA9  the  fanlt.  Then  BC  being  plugged  up  and  AB  (6) 
ttfid  K  A  (d)  adjusted  until  equilibrium  is  produced, 

hxy^dxx. 
IM  L  be  the  total  oonductivity  resistance  of  the  whole  loop. 


than 


»  +  jf  =  L, 
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y  =  L  -  x  ; 

this  value  of  y  in  the  above  equation,  we  get 
h(L  -  «)  =  d  X  «, 


fiom  which 

h 


X  =L 


h-^d 


To  obtain  L,  we  ehoold  simply  join  up  for  the  ordinary  oon- 
duotivity  test,  as  shown  by  Fig  85  (page  200).  The  fault  in  this 
ease  baa  no  effect  upon  the  test,  provided  it  is  not  caused  by  the 
complete  fracture  of  the  cable ;  in  the  latter  case  the  broken  ends 
become  covered  with  salts,  which  would  make  the  resistance 
appear  higher  than  it  really  is.  When,  however,  the  fsiult  is  due 
to  a  simple  imperfection  in  the  insulating  sheathing,  the  ordinary 
conduotivity  test  gives  the  correct  result. 

It  ia  advisable  to  keep  a  record  of  the  conductivity  resist- 
ance, to  that  it  can  be  ascertained  without  the  necessily  of  making 
a  measurement. 

298.  In  the  practical  execution  of  this  loop  test,  the  connec- 
tiona  being  made  as  shown  by  the  figure,  all  the  plugs  between 
B  and  C  must  be  inserted ;  this  is  necessary,  because  the  galvano- 
meter connection  is  made  on  the  terminal  B',  which  is  the  same  as 
B,  instead  of  on  to  C.  The  test  could  be  made  by  placing  the 
galvanometer  on  to  C,  but  in  that  case  we  should  lose  the  advan- 
tage of  the  key,  which  it  is  always  best  to  use. 

The  plugs  being  inserted  between  B  and  C,  and  the  other 
plugs  being  in  their  places,  we  should  remove,  say,  the  1000  plug 
from  between  A  and  B,  and  having  pressed  down  the  left-hand 
key,  to  put  the  battery  current  on,  which  should  be  a  tine  (or 
negative)  one  as  shown,  we  should  adjust  the  plugs  between  D  and 
S,  pressing  down  the  right-hand  key  as  required  until  equilibrium 
is  produced.  The  different  resistances  being  inserted  in  the  for- 
mula, »  is  found,  which  being  divided  by  the  conductivity  resistance 
per  mile  of  the  cable,  gives  the  position  of  the  fault. 

For  example. 

A  cable  50  miles  long,  whose  total  conductivity  resistance  was 
450  ohms,  that  is,  9  ohms  per  mile,  was  looped  witii  a  second  cable 
which  had  the  same  length  and  conductivi^  resistance  as  the  first 
oable^the  resistance  of  the  loop  being  450  X  2  =  900  ohms.    The 

T  2 


h  Hkiae  •  tat  af  a>  k^A  ft  a 
»Mu HM  <■  1  inii  m  *  B^  <  W— 
— w  ft>  gw»<B>  wm  b«  tiip  iMff  rf  I  If iif  ■  > 

2».  Wc  kwm  A^  Ae  beM  pJiiiii  In  !•  a^k^ 
b*  OM  whom  tiwmttHi  ii  *m>  Mt  «sml  W  tna  Hm 
iMiMMM  of  tb«  w'riiiFBi  M  oAs  bAb  flf  iL*  !■  _ 
th*  iiMlinnii  I  »ml\  i  waald  alwsjs  Wf^Mf  daa  Uw  nriM- 
mmmt4l^io9piAcMtm.md.  &•  joiat  iimUbw  <rf  tha  two  n- 
dilannw  wovld  co— eqaCTtij  never  fas  aen  than  pan  half  lbs 
rwiUMW  of  the  looped  aUn :  if^  tkenfim,  m  ma  «  gaHuio- 
HMh*  «r{tll  S  TTMirtwum  BaC  Mose  tbaa,  nj.  fii«  timw  Ibe  imiit 
•Bce  of  tlM  looped  caWw,  wb  naj  be  Mie  tbat  tba  eonditiooB  mi« 
T«fj  bvottnbte  fiir  *^^~c  aa  aoGoiato  teal. 

Tbe  T»hw  vfaieb  d  ■boaU  have  depeada  npca  the  Talne  given 
to  ft,  aad  rinfle  tbe  range  of  adjastment  ia  laige  in  |m)p«Hiioa  aa  d 
U  large,  therefore  for  Uiia  reaaon  it  w  adTaatageoaa  to  make  6  aa 
large  aa  poanble ;  but  it  ia  cot  adTiaafale  to  make  H  liigli«r  than  is 
reqnimte  to  obtain  wtiat  may  be  oonaidered  to  bea  sofScieDt  noge 
of  adjuatment,  for  bj  making  b  and  d  Urge  tbe  cnrreut  which 
panes  vnt  of  the  battery  becomea  diminiahed,  and  ooneeqoetflj 
the  afieet  on  the  galTanometer  will  also  be  diminiahed.  This  can  of 
eontve  be  compenaated  for  by  adding  on  <rxtra  hatteriee, but  aa  tbe 
nuiubor  of  the  lattor  maj-  have  to  be  inoonvenientlT  large,  it  is  aa 
wfill  Ui  uvoid  il'jiiif;  HI),  otherwise  there  is  no  limit  to  the  valnea 
whiali  iiiuy  }n<  givi:n  to  h  and  d. 

It  in  |ii)Miilil(i  tii  nvoid  making  6  and  d  high  by  making  the 
latter  reniaUnoo  atljuatahle  to  a  traction  of  a  unit. 

If  the  fault  has  a  very  large  resistance  the  employment  of  high 
lottery  [rnwor  Ja  inovitablt;,  aa  this  high  resistance  is  directly  in 
olrcuit  with  the  battery.  In  such  a  case,  however,  we  may  make 
b  anil  d  KM  high  aa  we  like,  fur,  inasmuc^h  aa  the  current  flowing 
tint  of  Ilia  t»att<'ry  depends  niion  the  lolal  resistance  in  ilB  circoiti 

rumill  of  mukin^  b  and  d  high  is  to  add  but  very  litlle  to 
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total  resistance,  unless  indeed  they  are  very  excessive,  which  in 
practice  can  hardly  be  the  case. 
To  sum  up,  then,  we  have 

Best  Conditions  for  making  Murray* s  Loop  Test. 

300.  Make  h  as  high  as  is  necessary  to  obtain  the  required 
rang^of  adjustment  in  c2;  if  6  and  d  would  in  this  case  require 
to  be  excessive  compared  with  the  resistance  .of  the  loop,  d  must 
be  adjustable  U)  a  fraction  of  a  unit. 

Employ  a  galvanometer  whose  resistance  is  not  more  than 
about  five  times  the  resistance  of  the  looped  cables. 

Employ  suf&cient  battery  power  to  obtain  a  perceptible  de- 
flection of  the  galvanometer  needle  when  (2  is  1  unit,  or  a  fraction 
of  a  unit,  out  of  exact  adjustment. 

Varley's  Method. 

301.  This  is  shown  theoretically  and  practically  by  Fig.  109. 
In  this  test  B  C  (a)  and  A  B  (6)  are  fixed  resistances,  and  E  A 

(d)  is  adjusted  until  equilibrium  is  produced*     Then,  x  and  y  being 
the  resistances  of  the  fault  from  E  and  C  respectively. 


a{d  +  x)  =  h  y, 

and 

y  =  L  -^  x; 

vDereiore 

a  (d  +  a;)  =  6  (L  —  a), 

from  which 

hh  —  ad 
*=     b+a    • 

If  6  =  a. 

then 

L-d 

X  =s   • 

2 

For  example. 

The  two  cables  being  of  the  same  length  and  conductivity  as 
in  the  last  example,  and  h  being  equal  to  a,  equib'brium  was 
obtained  by  making  d  =  600 ;  then 

900-600     ,^^    , 

X  = =160  ohms. 

z 

302.  It  is  necessary  that  the  faulty  one  of  the  two  looped 
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cableB  be  attached  to  E,  or  else  it  would  be  impoeffible  to  obtain 
equilibrium.  If  we  were  testing  a  looped  cable,  and  after  having 
joined  it  up  we  found  that  we  could  not  obtain  equilibrium,  we 


Fig.  109. 


.'  EarOv 


r.arl/t 


^i\y 


may  be  sure  that  the  fault  lies  between  C  and  p.  The  cable  must 
then  be  reversed,  and  a  fresh  test  made. 

303.  The  conditions  for  making  this  test  with  accuracy  are 
not  quite  so  simple  as  they  were  in  Murray's  test.  In  this  case 
they  are  almost  precisely  similar  to  what  they  are  in  an  ordinary 
bridge  test,  for  the  resistance  d  +  y  takes  the  place  of  the  resist- 
ance d  in  the  latter  test,  and  if  we  determine  the  best  conditions 
for  finding  x  we  practically  determine  the  best  conditions  for 
finding  y,  as  the  test  is  made  in  the  same  manner  for  determining 
either  quantity. 

It  is,  however,  always  best  to  have  the  relative  positions  of 
the  battery  and  galvanometer  as  indicated  in  the  figure.  For  if 
these  were  reversed  the  galvanometer  would  be  affected  by  any 
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earth  or  polarisation  currents  which  might  enter  at  the  fault,  and 
this  would  render  adjustment  difficult.    We  have,  then, 

Best  Conditians  far  making  Varley'a  Loop  Teat 

a  X 

304.  Make  a  as  low  as  possible,  but  not  lower  than  — ; — . 

Make  h  of  such  a  high  value  that  when  c2  is  1  unit  out  from  exact 
adjustment  a  perceptible  movement  of  the  galvanometer  needle  is 
produced. 

A  rough  test  would  first  have  to  be  made  to  ascertain  approxi- 
mately the  values  of  x  and  y,  and  then  if  necessary  the  resistances 
must  be  readjusted  so  that  the  above  conditions  are  satisfied,  and 
then  exact  adjustment  of  £  A  be  made. 

Best  General  Conditions  for  making  the  Loop  Test, 

305.  Although  the  loop  test  avoids  eirors  due  to  earth  currents 
it  does  not  avoid  errors  due  to  cable  currents,  that  is  to  say,  currents 
set  up  by  chemical  action  at  the  fault  itself ;  this  action  causes  a 
current  to  flow  in  opposite  directions  through  the  branches  of  the 
cable  on  either  side  of  the  fault,  in  other  words,  it  causes  a  current 
to  circulate  in  the  loop.  This  current,  although  comparatively 
weak,  yet  is  sufficient  to  cause  errors  which  it  is  advisable  to  avoid 
if  pc»ssible.  Mr.  A.  Jamieson  states  that  by  balancing  to  a  •* false 
zero"  (page  251)  the  above  cause  of  error  may  be  eliminated  and  a 
very  considerable  increase  in  the  accuracy  of  the  test  be  obtained. 

Correction  for  the  Loop  Test, 

306.  It  sometimes  happens  that  the  resistance  of  the  fault  in  a 
cable  approaches  the  normal  insulation  resistance  of  the  latter ; 
then  the  position  of  the  fault  indicated  by  the  loop  test  will  not 
be  its  true  position.  The  reason  of  this  is,  that  the  current  flowing 
in  a  faulty  cable  has  two  paths  open  to  it :  one  through  the  fault 
and  the  other  through  the  whole  of  the  insulated  sheathing.  The 
cable,  in  fact,  possesses  two  faults  :  the  actual  fault,  and  the  fault 
due  to  the  conductinvr  power  of  the  insulating  sheathing.  This 
second  or  resultant  fault,  as  it  is  called,  in  a  homogeneous  cable  is 
equivalent  to  a  fault  in  the  centre  of  the  cable  of  a  resistance  equal 
to  the  insulation  resistance  of  the  cable  itself  when  in  good  con- 
dition. If  the  cable  is  not  homogeneous  throughout,  this  resultant 
fault  will  lie  a^vay  from  the  centre.  Its  position  can  be  found, 
however,  by  the  ordinary  loop  test  when  the  cable  is  sound. 

We  have  then  to  determine  the  true  position  of  the  fault  when 
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tlie  poeitiou  and  resistaiico  of  the  resnltant  fault,  the  insulatiou 
reflistance  of  the  cable  when  imperfect,  and  the  position  of  the  fault 
indioated  by  the  ordinary  loop  test,  are  kDowu.  The  following 
ahowB  how  this  may  be  done  approximately. 

In  Fig.  1 10  let  A  B  be  the  cable  joined  np  for  the  loop  test,  / 
being  the  actoal  fault,  t  the  resultant  fault,  and/,  the  apparent 
position  of  the  fault  given  by  the  loop  test. 


vCV 


4 


Let  F  equal  the  resistance  of  i,  that  is,  the  insulation  resistanoe 
of  the  cable  when  perfect;  also  let  I  equal  the  insulation  reeist- 
anoe  when  the  cable  has  a  fault,  which  resistaDce  is  due  to  the  joint 
reBiBtances  of  the  fault  (which  we  will  call  c)  and  the  inaulation 
P ;   then  p  j.  p  j 

1=  ^p-j-^i  wh6ncec=^--^. 

Now  it  is  evident  that  the  position  of/,  with  respeot  to  t  and/ 
will  depend  upon  the  relative  values  of  P  and  c :  thus  if  P  and  c 
were  equal,  then/;  would  lie  midway  between  »  and/;  if  P  were 
greater  than  c,  then/  would  be  nearer/;  or  again,  if  P  were  leaa 
than  c,  then  /  would  be  nearer  t.  This  being  the  case  ^ 
the  proportion 

p        /distanoe  betweenN  ,     /distance  between\ 

^    ■    \         /,andi         J  '  \        /.and/        / 

Let  distance  A/,  =  ^  and  A  i  =  a,  therefore  distance  i'/,  : 
—  a;  also  let  distance/,/ =  ic,  then 


PI 


W  -  "): 


•-jr^-l(^-'.), 

which  gives  us  the  positiou  of  the  true  fault  beyond  Ihe  appare 
one. 

Or  the  distance  of  the  fault  from  A  will  be 
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For  example. 

In  a  looped  cable,  whose  total  length  was  100  miles,  and  total 
oondnctivity  resistance  900  ohms,  the  ordinary  loop  test  showed 
the  apparent  position  of  a  fault  which  existed  in  it  to  be  700  ohms 
from  A.  that  ifl,  ^  ^  ^^^ 

The  position  of  the  resultant  fault  given  by  the  loop  test  when 
the  cable  was  new  was  found  to  be  500  ohms  from  A,  that  is, 

a  =  500. 

The  insulation  resistance  of  the  cable  when  new  was  3,000,000 
ohms,  and  when  faulty  600,000  ohms,  that  is, 

P  =  3,000,000. 
I  =     600,000. 

Where  was  the  true  position  of  the  fault  ? 
Distance  of  fault  from  A 

_  (700  X  3,000,000)  -  (500  x  600,000)  _  „^    , 
3,000,000  -  600,000 

that  is  to  say,  distance  of  fault  beyond  distance  given  by  loop  test 

vras 

750  -  j8  =  750  -  700  =  50  ohms. 

Or,  supposing  the  cable  to  have  a  resistance  of  9  ohms  per  mile, 
the  true  distance  of  the  fault  beyond  the  apparent  distance  would 

be  Vt  ^^  H  miles 

If  the  cable  be  homogeneous  throughout,  the  resultant  fault 

will  appear  in  the  middle  of  it.     In  this  C€tse  a  will  equal  — , 

z 

where  L  is  the  total  length  of  the  loop. 
If  we  write  the  equation. 

Distance  of  fault  from  A  =  ^     ""  ^    i 

in  the  form, 

I 

Distance  of  fault  from  A  = =- , 

we  can  see  that  if  P  is  very  large  then  :p  s  0,  in  which  case  we 

get 

Distance  of  fault  from  A  =  )8, 

as  in  the  ordinary  loop  test 
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307.  To  make  the  foregoing  test  Batisfactorily,  it  is  necessary 
to  ksow  what  are  the  iiiBulalion  resistances  of  the  ctable  wlien 
good  and  also  when  faulty,  at  the  looment  when  etinilibrium  is 
obtained.  Now,  as  will  be  shown  in  Chapter  XV,,  the  insulation 
resistanoe  (P)  of  a  sound  eahle  alters  in  proportion  to  the  time 
a  current  is  kept  on  it ;  but  the  rate  at  which  this  alteration  takes 
place  is  definite,  and  can  be  obtained  by  reference  to  previous  testa 
of  the  cable  made  when  the  latter  was  sound.  The  insulation 
resistance  (I)  of  the  cable  when  fnulty  cannot,  however,  be 
determined  by  any  inference  to  previous  tests ;  some  plan  of 
enabling  it  to  be  measured  accurately  is  therefore  nectssary. 

A  method  suggested  by  Mr.  S.  E.  Phillips  enables  this  to  be 
done  in  a  very  satisfactory  manner.  The  whole  of  the  testing 
apparatus  is  earofully  insulated  by  being  placed  on  a  sheet  of 
ebonite,  or  on  insulated  supports  ;  tho  experimenter  also  standa 
on  an  insulated  stand  or  a  sheet  of  ebonite.  The  buttery  for 
makiug  the  loop  test,  instead  of  being  connected  directly  on  to 
the  terminal  of  the  resistance  coils  is  connected  thereto  through 
the  medium  of  a  second  galvanometer.  By  noting  the  deflectioti 
on  the  latter  at  the  moment  equilibrium  is  obtained  on  the  first 
galvanometer,  and  comparing  it  afterwards  with  the  deflection 
obtained  through  a  known  resistance,  we  obtain  the  value  of  I 
plus  the  combined  resistance  of  the  resistances  in  the  bridge, 
which  quantity  will,  however,  be  insignificant  compared  with 
I,  and  need  not  be  taken  into  account. 

A  note  should  be  made  of  the  time  at  wliioh  the  battery  is 
connected  to  the  instruments,  and  then,  when  the  plugs  are 
adjusted,  equilibrium  obtained,  and  the  deflection  on  the  second 
galvanometer  observed,  the  time  must  again  be  noted,  so  that  the 
period  during  which  the  battery  current  htis  acted  may  be  known 
and  the  value  of  P  correctly  obbiined. 

The  method  of  determining  the  value  of  P  will  be  considered 
hereafter. 

iNrrviDiTAL  Hesistance  of  Two  Wires  by  the  Loop  Test. 

308.  Ur.  8.  E.  Phillips  has  pointed  out  that  the  loop  test  may 
be  made  very  useful  for  determining  the  individnul  resistance  of 
two  wires,  the  leads  in  a  cable  factory  for  instance,  whuse  ends 
cannot  be  got  at  to  connect  to  the  testing  apparatus. 

To  do  this,  the  further  ends  of  the  leads  would  be  joined 
together,  and  the  junction  put  to  earth,       It  is  evident,  then,  that 
the  loop  test  applied  to  the  wires  would  give  the  reaistauoa 
either  of  them  to  their  junction. 
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keys,  bwitghe8,  condensebs,  and  battebms, 

Short-oircuit  Eeis. 

309.  AlthoDgh  the  Bhort-cirouit  plag-liole  is  conTenient  to 
avoid  acoidental  cnrrenta  being  sent  through  the  galvanometer 
when  the  variooB  reeistanco  coile,  batteries,  &c.,  are  being  joined 
up  for  mating  a  measuremetit,  jet  a  key  which  in  ita  normal 
condition  short  oironits  the  galvanometer,  is  extremely  useful. 


Such  a  key  is  represented  by  Fig.  111.  In  it*  normal  con- 
dition the  spring  rests  against  a  platinum  contact,  and,  when 
piessed  down,  against  an  ebonite  one. 

The  two  terminals  of  the  shnnt  are  connected  to  the  terminals 
of  the  key  ;  these  terminals  in  this  and  most  keys  are  double,  so 
as  to  enable  the  wires  leading  to  the  resistance  coils,  batteries,  &o., 
to  be  conveniently  connected  to  them. 

If  it  is  required  to  keep  the  key  pressed  down  for  a  lengthened 
period,  a  small  piece  of  sheet  ebonite  or  gutta-peroha  can  be 
slipped  in  between  the  contacts,  so  as  to  prevent  their  making 
connection  when  the  finger  is  tiiten  off  the  key.  Some  keys  of 
this  kind  are  provided  with  a  catch  (Fig.  112),  which  keeps  the 
spring  down  when  it  is  depressed. 

The  advantage  of  the  short-circuit  hey  over  the  short-cirouit 
plug  may  not  seem  obvious,  but  actual  practice  will  soon  show 
its  value. 
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Eeversing  Keys. 


3 


3]0.  Beaidos  the  sli or t- circuit  key,  a  Seeerting  Key  is  ueiially 
ineerted  in  tke  galvi^nomeler  circuit,  eo  that  the  deSeciious  of  the 
needle  may  alwuys  be  obtained  on  the  same  eide  of  the  ecale.  A 
form  of  reverBiDg  key  very  comniouly  used  is  shown  in  elevation 
and  plan  by  Figa.  113  and  114,  and  in  general  view  by  Fig.  115. 

Fig.  113. 


Tlie  gulvanometer  terminuU  ^vould    be  connected  to  the  two 

end  terminals  of  the  reversing  key,  or,  if  the  Bhort-cironit  key 

is  ineerteil,  to  the  terminals  of  the  latter.     By  pressing  down  one 

or  other  of  the  springs,  the  Current 

Fio.  il.i.  will  pass  through  the  galvanometer 

in  one  direction  or  the  other.     The 

two  handles  on  either  side  of  the 

two  springs  are  for  the  purpose  of 

clamping  either  of  the  latter  down 

when  required. 

Particular  care  should  be  taken, 
when  procuring  the  key,  to  see 
that  the  terminalH,  &0.,  are  not 
fiited  on  the  top  of  the  ebonite 
pillars  by  means  of  bolts  mnning 
right  through  them,  as  in  such  a  case  the  advantage  of  the  pillars 
is  entirely  lost,  and  the  terminals  might  just  as  well  be  screwed 
direct  into  the  base  board. 

Care  should  also  be  taken  that  the  contacts  of  the  keys  are 
olean,  as  when  there  are  several  contacts  considerable  reaistanoa 
might  be  introduced  into  the  circuit  from  their  being  dirty. 

311.  It  is  sometimes  found  in  this  form  of  reversing  key  that 
the  springs   fail    to  make  the  necessary  contact   when  clamped, 
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Eing  to  the  looaening  or  wear  of  the  cam  employed  to  hold  them 
wn.     Peir*  Patent  Self  locking  Key,  which  is  shown  by  Fig,  116, 
d  which  wae  designed  by  Mr.  B.  Pell,  of  the  firm  of  Meesra. 
tjohn&on  and   Phillips,  entirely  overcomes  this  diffiealty  by  dis- 
penaing  with  the  cam  altogether,  aud  introducitig  a  spring  laloh 


I  which,  when  the  key  is  depressed,  automatically  catches  and  holds 
it  with  certainty  in  position  until  it  is  released,  the  movement, 
either  in  depressing  the  key  or  in  releasing  it  being  effected  with 
one  hand.  Each  latch  is  released  by  pressing  the  corresponding 
ebonite  knob  on  the  insulating  pillar,  as  shown  in  the  figure. 

The  other  advantages  of  this  key  over  the  old  form,  although 
not  of  80  much  importance,  will  be  appreciated  by  all  who  take  a 
pride  in  the  appearance  of  their  ajiparatus.  The  absence  of  the 
cams  and  their  supporting  pillars,  besides  improving  the  insula- 
tion, aud  allowing  of  the  key  being  more  easily  cleaned,  makes  it 
look  neater,  and  preventa  the  lacquered  surface  of  the  braes  work 
being  disfigured,  as  is  invariably  and  unavoidably  the  case  when 
the  cam  is  used. 

A  SKorl-cireiiiling  Key  is  also  made  on  the  same  principle,  the 
spring  in  this  case  being  somewhat  stronger  to  prevent  uninten- 
tional looking  when  the  key  is  only  gently  tapped  by  the  finger. 
312.  The  foregoing  r.-rma  of  keys,  although  in  very  general 
s,  are  not  iu  all  respects  satisfactory,  as,  nnless  the  contacts  are 
tquontly  looked  lo  and  kept  clean,  they  fail  to  make  proper  oon- 
Kition  and  caut^e  considerable  trouble.     To  obviate  these  defects 
e  forms  of  keys  shown  by  Figs,  117  and  118  have  been  designed; 
fte  former  by  Mr.  J.  Rymer  Jones,  and  the  latter  by  Dr.  Muirhead. 


■,  Muirhead.  J 


r 
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Tlie  great  advaotage  of  these  tpys  lies  in  the  fact  tiiat  all  the 
contacts  are  made  by  rubbing,  thus  eosuring  great  certainty  of 
action,  a  point  of  very  great  importance  in  ttome  tests. 


Reversing  Switches. 

313.  In  addition  to  the  reverBing  key  for  the  galvanometer,  a 
Severnng  Suntch  for  the  teating  battery  is  very  ueeful :  it  need 
not,  however,  ho  such  an  elaborate  one  as  that  'naed  for  the 
galvanometer. 

Figs.  117  and  118  reprpsent  Bnch  a  switch.     It  consiBtB  of  four 
brasB  segments  screwed  firmly  down  lo  an  ebonite  base.      Each 
Begment  is  provided  with  a  screw,  to  which  to  attach  the  t 
wires. 


^rcoZ'jDcc 


In  Bome  oaaes  each  segment  is  Bupported  on  an  ebonito  pillar, 
which  improvea  its  insulation  very  much,  and,  indeed,  would  be 
absolutely  neceseary  for  some  tests  we  shall  describe. 

The  poles  of  the  baltery  would  be  attached  to  two  opposite 
terminal  screwB,  say  A  and  A',  and  the  leading  wires  to  the  two 
other  screws,  B  and  B'. 
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To  make  the  current  flow  in  one  direction,  wo  slionid  place  the 
pings  between  the  segmente  A  and  B,  and  A'  and  B',  and  to  make 
it  flow  in  the  other  dii'eotion.  between  the  segments  A  and  B',  and 
and  A'  and  B.  If  one  or  both  the  pings  are  removed  the  battery 
onrr^it  will  be  out  off  altogether.  It  ia  always  best,  in  order  to 
do  this,  to  remove  both  the  plnge  in  preference  to  one  only,  for  if 
the  battery  ia  not  well  insulated  a  portion  of  the  current  may  still 
be  Me  to  flow  ont  of  the  battery  and  disturb  the  aoouracy  of  a 

Two  other  pieces  of  apparatna  are  neoeesary  to  form  a  very 
OMDj^te  set,  viz.  a  "  Condenser  "  and  a  "  Discharge  key." 


814.  A  (kndeiuer  is  merely  a  Leyden  jar  exposing  a  large 
snrfiaoe  within  a  small  apace;  those  constructed  of  a  standard  value 
for  teetiog  purposes  are  made  of  sheets  of  tin-foil  placed  in  layers 
between  thin  cdieets  of  mica  coated  with  shellac.  The  alternate 
layers  of  tin-foil  are  connected  together,  so  that  sets  are  formed 
corresponding  to  the  outside  and  inside  coatings  of  the  Leyden  jar. 


A  very  couTenient  and  usual  form  of  standard  condenser  is 
shown  by  Fig.  121.  In  this  pattern  the  layers  of  tin-foil  and 
mica  are  placed  in  a  round  braea  box  with  an  ebonite  top,  on 
which  are  fixed  the  connecting  terminals.  These  terminals  are 
placed  on  brass  blocks,  the  ends  of  which  are  in  close  proximity  to 
one  another,  eo  that  a  plug  can^be  inserted  between  them  for  the 
purpose  of  enabling  the  apparatus  to  be  short  circuited.  This 
should  always  be  done  when  the  condenser  ia  not  in  use,  so  that 
any  residual  charge  which  may  remain  in  it  may  be  entirely 
disnpated. 
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Fig.  122  allows  an  improved  form  of  standard  condenser  aa 
arranged  by  Dr.  Muirbead,  In  this  pattern  tho  capacity  is  divided 
into  two  balvee,  which  can  be  separated  by  withdrawing  the  plag 
at  B;  each  hnlf  can  then  he  tested  one  agaJnat  the  other,  and  if 
the  relative  values  of  the  two  are  found  to  have  remained  unaltered, 
it  is  preanniptive  evidence  that  the  total  of  the  whole  condenser 


has  not  changed. 


These  Qondensers  have  usually  a  fiied  "  electrostatic  capacity  " 
equal  to  i  microfarad,  the  "  farad  "  being  the  unit  of  electroatatio 
capacity.  They  are  also  made,  however,  so  that  several  capacities 
can  be  obtained,  by   inserting  plugs   in  different  holes.     Those 


having  five  different  capacities  (Fig.  123),  vij;.  -06,  -05,  -2,  -2,  and 
•6  micro-farads,  enable  any  value  from  '05  to  1  to  be  obtained 
by  innertlng  one  or  more  plugs.      It  is  often  UHoful  to  be  abl* 
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to  vary  the  capacity,  ho  that  it  is  better  to  have  tlie  last  form 
rather  than  that  ehown  by  Fig.  121,  although  it  may  be  a  little 
more  expeneire. 

Fig.  124  shows  another  form  of  a  divided  uondeuser  arranged 
ia  a  brass  box. 

315.  A  good  condenser  should  not  lose,  through  leakage,  more 
than  1  per  cent,  of  its  charge  ia  one  minute. 


316.  Condensers,  like  batteries,  can  bo  combined  for  "  quantity" 
or  in  "series,"  and  advantage  may  often  be  taken  of  this  power  of 
combination  to  obtain  a  large  number  of  capacities  from  a  small 
number  of  condensers. 

When  condensers  are  connected  together  for  "quantity"  the 
capacity  of  the  combination  will  be  equal  to  the  sum  of  the  respec- 
tive capacities  of  the  several  condensers.  Thus,  if  we  callF„Fj,  Fj, 
&c.,  these  capacities,  then  the  capacity  of  the  combination  will  be 

F,  +  Fj  +  r,  +  . . . . 


This  may  be  ezpreseed  symbolically  thus  :- 


When  the  combination  is  made  in  "  series  "  (corresponding  to 
le  "cascade"  arrangement  of  Leyden  jars)  the  joint  capacity 
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of  the  Beries  follows  the  law  of  the  joint  resistance  of  parallel 
circuits,*  thus : — 

1 

F,  ^  F,  ^  F, 

This  may  be  symbolioally  expressed  thns : — 
F,-F,-F3 


•    •    •    • 


By  following  out  these  laws,  if  we  had  two  condensers,  F^  and 
Fj,  we  could  obtain  four  different  capacities,  viz.  F^,  F^,  F^  +  F^, 

With  three   condensers  we  could   obtain   fourteen  different 
capacities,    viz.    F^,    F^,    F,,    F^  +  F„    F^  +  F3,    Fj  +  F3, 

F,  F«  F,  F«  F«  F,  F«  F« 

*i  +  '»  +  *8.    pj^_pj'    Fi  +  F,'    F,  +  F,"       '"^F, +  F 

F.  +  J^,  F,  +  ^^,  and 


» 
3 


» ^  Fi  +  F,* "'  ^  Fj  +  f;  """  J_     J_      1_ 

F,  "^  Fa  "^  F3 

Any  of  these  combinations  may  be  expressed  symbolically 
in  the  manner  before  shown ;    thus,  for  example,  to  take  the 

Fa  F, 

Fi  +  -pT"^ — 5r  combination,  this  would  be  shown  thus  : — 


^»  —     fj 


Discharge  Keys. 


317.  To  enable  the  discharge  from  the  condenser  to  be  read  on 
a  galvanometer  a  discbarge  key  is  necessary.  This,  like  the  other 
pieces  of  apparatus,  is  made  in  a  variety  of  forms. 

WehVs  Discharge  Key, 

318.  Fig.  126  shows  a  pattern  (designed  by  Mr.  F.  C.  Webb) 
which  is  in  very  general  use. 

It  consists,  primarily,  of  a  hinged  lever  of  solid  make,  pressed 
upwards  by  a  spring  and  playing  between  two  contacts.    A  vertical 

*  See  Chapter  XXVII. 
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ebonite  lever,  hinged  at  its  lower  end,  is  fixed  to  the  baae  of  the 
iuBtroment  in  the  position  shown.  This  lever  has  neax  its  upper 
end  a  projecting  brass  tongue,  which,  when  the  lever  is  pressed 
forward  (by  tiieBus  of  a  spriog).  hiiches  over  the  extremity  of  the 
bnuu  lever.  The  end  of  the  latter  is  cut  away  so  as  to  form  two 
steps;   when  the  braes  tongue  on  the  vertical  ebonite  lerer  is 


hitched  over  the  lower  step  then  the  brass  lever  stands  inter- 
mediate between  the  top  and  bottom  oontaots,  and  is  insulated 
from  both  of  them,  but  when  the  tongue  is  hitched  over  tlie  top 
step  ihen  tlie  brass  lever  is  in  connection  with  the  lower  oontaot. 
Again,  when  the  ebonite  lever  is  drawn  back  the  brass  lever  is 
freed  and  springs  np  against  the  top  contact  step.  If  we  suppose 
the  brass  lever  ta  be  hitched  down  on  the  loner  contact  step,  then 
by  pulling  back  the  obonite  lever  a  little  the  brass  tongue  unhitches 
from  tiie  top  step  and  hitches  on  the  lower  one,  thtis  allowilig  the 
brass  lever  to  spring  up  fr<im  the  bottom  contact,  but  not  to  oome 
in  connection  wiih  the  upper  one;  if,  however  (as  before  explained), 
the  ebonite  lever  be  pulled  cimpletely  back,  then  the  brass  lever 
rises  in  connection  with  the  top  contact. 

31S.  When  using  this  discharge  key  for  the  purpose  of  measur- 
ing the  charge  in  a  condenser,  the  connections  to  the  gHlvano* 
meter,  Ac,  would  be  made  as  shown  by  Fig.  126  (page  292).  On 
pressing  down  the  key  E^  the  two  poles  of  the  buttery  are  pat  in 
connection  with  the  two  terminals  A  und  B  of  the  condenser  0, 
and  on  releasing  the  key  so  that  it  comes  in  contact  with  the  top 
contact,  the  two  terminals  of  the  condenser  are  put  in  connection 
with  the  two  terminals  of  the  galvanometer,  which  thns  receives 
the  didoharge  current  through  it. 

If  we  BO  arrange  the  connections  that  the  top  oontaot  of  the 
key,  instead  of  being  joined  to  the  condenser  through  the  galvano^ 

D  2 


r 


HANDBOOK   OF   ELECTRICAL  TESTINO. 


«  ..I.—Ji       ' 


292 


Tueter,  ie  connected  directly  to  it,  and  the  galvanomefer  is  plumd 
between  the  back  terminal  of  the  kej  and  the  second  terminal  of 
the  condeDBer,  then  on  pressing  down  the  discharge  key  we  get 
the  current  charging  the  condenser  throngh  the  galvanometer, 
whose  needle  will  be  deflected  to  one  side  of  the  zero  point ;  and 
then,  on  releasing  the  key,  we  get  the  discharge  deflection,  wUich 


Fig.  126. 


will  he  of  the  samo  strength  as  the  charge  dtflection,  hut  in  the 
opposite  direction  to  it.  The  first  arrangement,  given  by  the 
figure,  is,  however,  the  one  generally  employed. 

The  discharge  deflection  on  the  gtilvanometer  is  only  momentary, 
the  needle  or  spot  of  light  immediately  returning  towards  aero. 

320,  In  using  the  Thomson  galvanometer  (which  is  practically 
the  only  instrument  of  any  use  for  the  purpcse)  for  measaring  the 
discharge,  the  adjusting  magnet  mnst  be  put  high  np  if  it  is  placed 
with  its  polos  assisting  the  earth's  magnetism,  or  low  down  if  it 
opposes  it,  so  as  to  make  the  needle  swing  slowly  enough  to  enable 
the  deflection  to  be  read  on  the  scale.  It  is  best  to  avoid  ukkinK 
the  needle  swing  very  slowly,  for  then  the  B]>ot  of  light  will  pro- 
balily  not  return  accurately  to  zero,  but  may  be  three  or  four 
divisions  out.  A  little  practice  will  enable  a  coroparativily  quick 
ewing  to  be  read  to  half  a  division,  or  even  less. 

321.  If  a  renistance  of  250,000  ohms  (more  or  leas,  aocording 
to  oiroum stances)  be  introduced  into  the  galvanometer  circuit,  the 
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discharge  from  the  condenser  becomes  so  slowed  tliat  tlie  swing  of 
the  galvanometer  needle,  instead  of  being  due  to  a  sudden  impulse, 
is  caused  by  a  coutinuod  but  rapidly  decreasing  current;  this 
causes  the  needle  to  swing  with  a  slow  movemeul,  although  the 
instrument  is  adjusted,  as  regards  the  controlliug  magnet,  to  nor- 
mally swing  with  a  comparatively  rapid  rate  of  vibration.  By 
this  device,  therefore,  a  slow  swing,  which  greatly  facilitates  ease 
of  observation,  may  often  be  able  to  he  obtained  :  unless,  however, 
the  inBulation  of  the  condeuser  or  cable  being  measured  is  very 
high,  the  arrangement  does  not  give  satisfactory  or  reliable  resultB, 
e  the  discharge,  instead  of  wholly  going  through  the  giilvano*, 
meter,  is  partly  lost  by  leakage  through  the  low  insulation 
BiAtance. 

^■^  Kempe'e  Diecharije  Key- 

^^m    322.  A  form  of  discharge  key  designed  by  the  author  is  sbo^ 

^^R  plan  and  elevatiou  by  Figs.  127  and  128,  and  in  general 

^TyFig.  12i). 


1 
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"  Diacbftrge  "  and  "  IitBnlate,"  are  connect^  to  two  ebonite  hoo^ 
The  height  of  the  hook  attachi-d  to  the  finger  trigger  marked 
"  Discharge  "  is  a  little  greater  than  that  of  the  other  hook,  ao  that 
the  lever  stands  intermediate  between  the  two  contacts  when  it 
18  hitched  against  it.  When  the  lever  is  pressed  down  against  the 
bottom  contact,  the  shorter  of  the  hooks  hitches  it  down.  If  in 
this  position  we  depress  the  "  Insntato  "  trigger,  the  lever  is  freed 
from  its  hook,  and  springs  np  against  the  second  hook,  thus  insu- 
lating the  lever  from  either  of  the  contacts.  The  "Discharge" 
trigger  now  being  pressed  down,  the  lever  springs  np  against  the 
top  contact. 

To  the  book  of  the  "  Discharge  "  trigger  there  is  a  small  piece 
of  metal  fixed  which  is  broad  enough  to  come  in  front  of  the  seooud 
hook,  so  that  if  the  "  Discharge  "  trigger  is  depressed  first  it  draws 
back  both  the  hooks,  and  thereby,  if  the  lever  at  starting  be 
hitched  to  the  bottom  contact,  allows  the  lever  at  once  to  spring 
up  to  the  top  contact.  If,  however,  the  "Insulate"  trigger  be 
depressed,  only  the  hook  attached  to  that  trigger  is  drawn  bock, 
allowing  tiie  lever  to  spring  up  against  the  second  hook  and  be 
thereby  insulated,  ae  at  first  explained. 


Lambfrfe  Diteharge  Key. 

323.  The  arrangement  of  discharge  key  deBigned  by  Mr.  1 

bert  and  shown  by  Fig.  130,  is  a  very  good  one,  and  poesesses  the 

advantage  that  the  principal  terminal  is  highly  insulated  when 


the  key  is  in  its  normal  condition,  a  point  of  importance  in  soma 
tests.  The  two  terminals  seen  at  the  front  part  of  the  key  cor- 
respond to  the  top  and  hotiom  contacts  of  the  keys  previously 
described.  The  ends  of  two  spring  levers,  provided  with  ebonite 
finger-knohs,  are  set  over  these  contacts ;  the  other  ends  of  the 
springs  aro  fixed  to  a  brass  cross-piece  provided  with  a  tormiital, 


KEYB,   SWITCHES,  C0NDESSEH9,   AND   BATTERTES,  295  | 

the  croBa-pieoe  being  secured  to  an  ebonite  bracket  fixed  at  the 
end  of  a  atout  ebonite  rod.  By  this  arrangement  the  terminal 
connected  to  the  spring  levers  is  inenlaied  by  the  long  ebonite  rod 
OS  well  as  by  the  ebonite  briicket  by  which  the  rod  is  snpportad 
on  the  stand.  In  manipnlating  the  key,  the  left-hand  lever,  say, 
18  first  depressed,  thus  putting  the  back  terminal  in  connection 
with  the  contact  (corresponding  to  the  bottom  contact  of  the  other 
forms  of  keys)  beneath  it.  The  lever  is  then  rolc>ased,  and  the 
right-hand  lever  depressed,  thus  putting  the  back  terminal  in  con~ 
nection  with  the  contact  (cones ponding  lo  the  top  contact  of  the 
other  keys)  beneath  it.  The  only  objection  to  this  form  of  key  is 
the  fact  that  it  is  possible  to  press  both  levers  down  at  once,  thns 
connecting  together  the  back  and  the  two  front  terminals ;  if  this 
is  done  accidentally,  then,  as  will  be  seen  by  reference  to  Fig.  126 
(page  2D2),  a  direct  circuit  ie  formed  by  the  battery  through  the 
galvanometer,  which  may  result  in  the  sensibility  of  the  latter 
being  altered  through  the  violence  of  the  deflection.  Such  an  acci- 
dent obviously  cannot  possibly  occur  in  the  other  forms  of  keys. 

The  Lambert  key  is  often  provided  with  cams  similar  to  those 
shown  in  Figs.  113,  114.  and  115  (pHges  284),  so  that  the  spring 
levers  can  be  damped  down  if  desired.  This  latter  pattern  is  shown 
by  Fig.  131. 

^P  324.  An  excellent  form  of  discharge  key  h.os  been  devised 
"by  Mr.  J.  Rymer  Jones,  and  is  manufactured  by  the  India  Eubber, 
Outta  Percha,  and  Telegraph  Works  Company  of  Silvertown. 
The  key  is  so  constructed  that  (like  Lambert's  key)  the  prinoipal 

tmiual  is  left  perfectly  fre«  during  the  period  of  "  insulation," 
shown  in  Fig.  132  ;  the  leakage  from  thJe  terminal  is  therefore 
ifined  to  the  ebonite  support  A  B.     The  form  of  this  support, 
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a  vertical  section  of  which  is  showu  by  Fig.  133  (page  297), 
gives  a  very  conaideraW©  Itugth  of  surface  over  which  any  leakage 
must  pasii,  it  being  iu  the  presout  case  6J  inches  in  a  height  of 
only  '2^  inches;  while,  since  tlie  [xirtion  A  screws  into  the  outer 
cap  B,  the  former  may  bo  removed,  when  important  testa  are 
about  to  be  made,  and  aoijured  with  glass-paper,  so  as  to  secore 
the  advantage  of  a  fresh  surface  without  disBguring  the  outer 
polished  surface. 


1 


The  movenLents  for  "  Charge,"  "  Insulate,"  and  "  Dischargfl^* 
will  be  readily  understood  from  Fig.  132.  1 1'  ai'e  ebonite  roda; 
their  braea  prolongations  e  c*,  which  move  with  them  as  one  plooe, 
have  the  under  surfaces,  where  they  rub  against  tho  platinum 
conlacts  6  and  <j,  tipped  wiih  platinum. 

When  I  is  deflected  to  the  left,  tho  end  of  the  rod  r,  attached 
to  it,  preuvea  against  I' — should  tho  latter  happen  to  be  turned  to 
that  side— and  earriea  it  over  in  tho  same  direction,  first  break- 
ing contact  at  c'  </,  if  previously  made,  aud  afterwards  makiiig 
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oontaot  at  6  c.  Thus  the  "  Battery  "  and  "  Cable "  terminals  are 
couneoted  together.  To  "  Inealate  "  the  "  Calile  "  terminal  it  is  only 
neceaeary  to  move  I  back  again  towarde  the  right,  as  in  Fig.  132. 
To  "  Discharge,"  press  I'  towards  the  right.  Should  I  not  already 
be  over  to  the  right  (as  in  the  last  position  for  "  Insulate  "}  it  will 
be  carried  orer  with  f  and  the  con- 
tact at  6  e  broken  before  e*  and  g  come 
together.  The  rod  r  in  fact  preventB 
the  galvanometer  and  battery  ter- 
minals from  both  being  put  to  the 
cable  terminal  at  the  aame  time. 

325.  Although  not  perhaps  aliso- 
lutely  necessary,  it  isadTisable  to  have 
a  second  set  of  resistance  coils  (which 
need  not,  however,  be  of  the  bridge 
form)  to  act  as  an  adjustable  shunt 
for  the  galvanometer. 

326.  A  simple  form  of  galvanometer 
to  enable  the  resistance  of  the  Thom- 
son to  be  quickly  taken,  is  also  useful. 
This,  however,  can  be  dispensed  with, 
as  Mr.  8.  E.  Phillips  has  pointed  out 
that  the  resistance  of  the  galvano- 
meter can  be  determined  by  the  very 
simple  device  of  measuring  the  resist- 
ance of  one  of  the  shunts  (the  Jth 
preferably).  To  do  this,  the  shunts 
will  have  to  be  removed  from  the 
galvanometer  and  connected  up  to  the 

bridge  as  an  ordinary  resistance,  the  galvanometer  itself  being 
used  in  the  usual  manner. 

Mr.  Phillips  suggests  that  the  shnnte  should  be  enclosed  under 
the  glass  shade,  so  as  to  ensure  that  they  may  have  the  same  tem- 
perature as  the  galvanometer  coils. 

As  it  is  preferable  to  use  a  set  of  reeistance  coils  as  a  shunt,  a 
single  resistance  coil  of  the  same  wire  and  rosistance  as  the  gal- 
vanometer coils  might  be  permanently  fixed  to  the  galvano- 
meter stand  uniler  the  glass  shade ;  the  resistance  of  this, 
measured  by  the  help  of  the  galvanometer,  would  at  once  give 
the  resistance  of  the  latter.  If  such  a  device  were  adopted,  care 
would  have  to  be  taken  that  the  coil  is  wound  double  on  its 
bobbin,  fur  otherwise  it  would  afiect  the  galvanometer  needle 
when  traversed  by  a  current. 
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327.  The  form  of  bridge  coil  moat  generally  employed  with 
the  ThomaoQ  galvanometer  is  that  ehown  by  Figs.  4  and  a 
(page  12),  the  keys  attached  to  the  other  form  not  being  used. 

BlTTERIES. 

328.  Besides  the  foregoing  instruiDents,  a  battery  having  an 
electromotive  force  of  at  least  250  Daniell  cells  is  necessary.  The 
form  known  as  the  Minotto  has  been  much  used  for  testing. 
It  consistfl  of  an  eaithenware  {or  more  frequently  of  a  gutta- 
percha) jar,  about  8  inches  high,  at  the  bottom  of  which  is  placed 
a  round  plate  of  oopper,  resting  flat.  A  strip  of  copper  abuat 
three-quarters  of  an  inch  wide,  coated  with  gutta-percba,  is  fixed 
to  this  plate,  and  brought  up  the  side  of  the  jar.  Over  this 
plate  a  layer  of  coarsely  powdered  sulphate  of  copper  is  placed  ; 
the  JRr  ie  then  filled  nearly  to  the  lop  with  damp  Bawdnst, 
and  reeting  on  this  is  placed  a  thick  disc  of  zinc,  provided  with 
a  terminal  at  the  top.  A  series  of  these  cells  is  coupled  up  in  the 
ordinary  manner. 

The  Leclauche  battery  is  now  generally  used  at  cable  factories ; 
it  has  the  advuntHgc  of  high  electromotive  force,  and  if  care  is 
taken  that  it  does  not  become  accidentally  short  circuited  throagh 
a  low  reaifltance  it  answers  very  satisfactorily,  and  requires  bat 
little  attention.  The  Chloride  of  silver  battery  of  Mr.  Warreu 
de  la  Rue  (page  155)  has  also  been  used  to  some  extent  for  testing, 
especially  on  board  ehip,  as  it  has  the  advantage  of  great  com- 
pactness and  portability. 

The  batteries  should  be  placed  on  well- insula  ted  supports,  in 
a  dry  sitnation,  so  as  to  avoid  leakage,  which  interferes  with  the 
constancy  of  the  current. 

329.  Besides  the  large  battery,  a  single  cell  placed  in  a  small 
box,  with  appropriate  terminals  outside,  may  be  required,  whoM 
use  will  be  explained. 
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MBASURBMBNT  OP  POTENTIALS. 

330.  Let  E  (Fig.  134)  be  a  battery  of  whioh  A  and  B  are  the 
ffw  poles ;  then  the  free  electricities  at  those  poles  will  have  equal 
bnt  opposite  potentials,  and  the  difference  of  these  potentials  is 
the  electromotive  force  of  the  battery. 

Thns,  if  V  (that  is  the  line  P  A)  is  the  Pio.  134. 

potential  at  A,  then  —  V  (that  is  the 
line  B  Q)  will  be  the  potential  at  B,  and 
the  electromotive  force  E  of  the  battery 
will  be 

E  =  V-(-V)  =  2V. 

Although  the  expression  '*  potentials    AH  In  |-| 
of  the /rce  electricities"  is,  strictly  speak-  '     '     » 

ing,  more  correct  than  "  potentials " 
simply,  yet  the  latter  is  generally  used 
as  an  abbreviation  of  the  former,  and 
we  shall  so  use  it  unless  the  contrary  is 
indicated. 

The  potentials  diminish  regularly  from  one  pole  of  the  battery 
to  the  other,  the  potential  at  the  middle  of  the  battery  being  zero. 

331.  If  the  two  poles  are  connected  by  a  resistance  A  C  B,  as 
in  Fig.  135  (page  300),  then  the  potentials  will  diminish  regularly 
along  A  C  B  also,  as  shown  in  the  figure,  the  potential  at  the  middle 
(F)  being  zero  as  in  the  case  of  the  battery.  But  the  potentials  at 
A  and  B  will  be  less  than  they  were  previous  to  the  joining  of  the 
poles  by  A  C  B,  the  amount  of  the  diminution  being  dependent 
upon  the  value  of  the  resistance  A  C  B,  and  also  upon  the  value  of 
the  resistance  of  the  battery.  These  diminished  potentials  may 
be  represented  by,  say,  the  linos  p  A  (+  v)  and  B  9  (—  v)i 
respectively. 

332.  If  the  two  terminals  of  a  condenser  are  connected  to  any 
two  points  in  the  resistance,  the  electromotive  force  of  the  charge 
which  the  condenser  will  take  will  be  directly  proportional  to  the 
difference  of  the  potentials,  that  is  to  the  electromotive  force,  at 
those  two  points.     Thus  if  the  condenser  were  connected  to  A  and 
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B  the  charge  it  would  take  would  have  an  electromotive  force, 
El  of 

El  =  V  -(- v)  =  2v. 

Fig.  135. 


If  the  points  to  which  the  condenser  is  connected  were  A  and 
C,  the  electromotive  force,  Eg,  of  the  charge  would  be 

E2  =  V  —  w. 

Again,  if  the  condenser  were  connected  to  C  and  B,  the 
electromotive  force,  E3,  of  the  charge  would  be 

E3  =  r  —  (  —  v)  =  »  +  V. 

It  is  easy  to  see  that 

v  —  »  :  V  +  V  :  :  a  :  6. 

f"-  If,  therefore,  we  connect  two  condensers  between  the  points  A 
and  C  and  the  points  B  and  C  respectively,  and  adjust  the  resist- 
ances a  and  &,  we  could  charge  the  condensers  to  any  relative 
electromotive  forces  we  please. 

333.  Although,  strictly  speaking,  the  diminution  or  fall  of 
potential  along  the  resistance  A  C  B  is  represented  by  the  line  p  F 
q  (see  small  figure),  the  zero  point  being  at  F,  yet  we  may 
generally  with  perfect  correctness  assume  the  zero  to  be  at  B  and 
the  fall  of  potential  to  be  represented  by  the  line  p*  B,  and 
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similarly  with  the  fall  from  one  pole  of  the  battery  to  the  other. 
In  most  oases  it  is  convenient  to  consider  the  fall  as  taking  place 
in  this  way,  as  we  avoid  having  to  consider  the  potentials  as 
partly  +  and  partly  —  quantities,  which  is  liable  to  canse  con- 
fusion in  making  calculations. 

334.  We  stated  that  if  the  poles  of  the  battery  are  joined  by  a 
resistance,  the  potentials  at  those  poles  will  be  altered  in  value ; 
they  will,  in  fact,  be  reduced  in  proportion  as  the  resistance  is 
small  or  large.  Now,  when  a  current  flows  through  the  galvano- 
meter, it  does  so  in  virtue  of  a  difference  of  potential  at  its  two 
terminals,  and  the  strength  of  this  current  is  directly  proportional 
to  the  value  of  this  difference ;  and  conversely,  if  we  note  the  dif- 
ference in  the  strengths  of  currents  passing  through  a  galvano- 
meter we  shall  know  the  relative  values  of  the  differences  of 
potential  at  its  terminals.  It  may  at  first  sight,  therefore,  appear 
sufficient,  in  order  to  measure  the  relative  values  of  the  differences, 
simply  to  connect  the  terminals  of  a  galvanometer  to  the  points  at 
which  the  differences  are  to  be  noted,  and  then  to  observe  the 
deflections  obtained.  But  by  connecting  up  a  galvanometer  in 
this  way  we  should  reduce  the  resistance  of  the  portion  of  the 
circuit  between  those  points,  and  the  potentials  at  the  poles  of  the 
battery  would  consequently  decrease,  therefore  the  potentials  at 
the  points  where  the  galvanometer  is  connected  would  decrease 
also ;  the  current  then  which  would  produce  a  deflection  of  the 
galvanometer  needle,  would  be  that  due  to  the  diminished  poten- 
tials. If,  however,  the  resistance  of  the  galvanometer  is  very 
high  compared  with  the  resistances  with  which  it  is  connected, 
then  its  introduction  will  produce  no  diminution  in  the  potentials, 
and  consequently  its  deflection,  that  is  to  say,  the  current  passing 
through  it,  will  be  a  true  index  of  the  value  of  the  difference.  If, 
therefore,  we  wish  to  theoretically  consider  what  are  the  relative 
differences  of  potentials  at  any  points  in  any  particular  arrange- 
ments of  batteries  and  resistances,  we  have  simply  to  suppose 
these  points  to  be  connected  by  a  galvanometer  whose  resistance  is 
infinite  compared  with  the  other  resistances,  and  then  to  determine 
the  relative  values  of  the  currents  which  will  flow  through  it  in 
the  several  cases. 

335.  From  what  has  been  said  we  can  see  that,  practically,  if 
we  connect  a  galvanometer  to  any  two  points  at  which  a  difference 
of  potential  exists,  then  the  deflection  obtained  will  accurately 
represent  that  difference  of  potential,  provided  the  galvanometer 
has  a  total  resistance  in  its  circuit  very  much  greater  than  the 
remstanoe  between  the  two  points  in  question. 
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Measukemest  of  Electeomotive  Foece  by  Law's  Met] 

336.  The  quantity  of  electricity  in  a  condenBer  depends  direofiy 
upon  the  electromotive  force  of  the  charge,  and  the  deflection  ob- 
tained upon  a  galvanometer  depends  directly  upon  the  quantity 
difioharged  throngh  it;  the  discharged  detleotion  obtained  from  a 
condenser,  therefore  (§  320,  page  292),  other  things  being  constant, 
will  represent  the  electromotive  force  of  the  charge  in  it;  by 
eucceBsively  charging  a  condenser,  therefore,  from  two  or  more 
batteries,  and  noting  the  discharges  on  a  galvanometer,  we  can 
very  simply  and  qnickly  determine  their  comp&rative  electro- 
motive forces, 

S3T.  Discharge  deflections  on  a  galvanometer  whose  defieotions 
are  truly  proportional  to  constant  currents,  unless  they  are  nearly 
equal,  are  not  always  proportional  to  the  currents  which  produce 
them.  It  is  therefore  very  desirable,  in  mea:iiuromeui8  such  as 
these,  in  order  to  ensure  accuracy,  to  adopt  the  method  we  men- 
tioned on  page  91  (§  86),  viz.  to  obtain  a  uniform  deflection  by 
means  of  a  variable  shunt  to  tlie  galvanometer.  Thus,  if  we 
obtain  two  similar  discharge  deflections  wiih  two  electromotive 
forces  El  and  E^,  using  shunts  of  the  respective  reaistanoea  S^ 
and  S, ;  then,  since  the  deflections  are  the  same,  the  electromotifa 
forces  are  in  the  proportion 

T,_.T,_..0+S,.G  +  S, 

or  a«  the  multiplying  power  of  the  shunts,  G  being  the  reaistaDoe 
of  the  galvanometer;  for  if  we  multiplied  the  deflections  we  ob- 
tained, by  these  quantities,  we  should  get  the  theoretical  defleotioDB 
we  should  have  had  if  no  shunts  had  been  used. 

For  exam^K. 

With  an  electromotive  force  E;  we  obtained  a  dischargvfl 
flection  of  300  diviaions  on  a  galvanometer  whose  resistance  Q 
was  bOOO  ohms,  using  a  shunt  S,,  of  1000  ohms,  and  with  a  seoond 
electromotive  force,  E.^,  also  a  deflection  of  300  divisions,  OBilig  • 
ehunt,  Sj,  of  2600  ohms  ;  then 

500Q  +  1000     5000  +  2500 

that  is, 

E,  :  E,  :  :  2  :  1. 

It  is  not  absolutely  necessary  that  the  same  deflection  be  repro- 
duced exactly,  although  calculation  is  saved  by  so  doing:  as  long 
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as  the  deflections  are  nearly  equal  they  approximately  represent 

the  discharges.    It  is  necessary,  of  course,  that  these  deflections 

G  4-  S 
be  multiplied  by  — g —  to  obtain  the  relative  strengths  of  the 

currents. 

Far  example. 

With  an  electromotive  force  E^  we  obtain  a  discharge  defleo« 
tion  of  300  divisions  on  a  galvanometer  whose  resistance  G  was 
5000  ohms,  using  a  shunt  S^,  of  1000  ohms,  and  with  a  second 
electromotive  force  E,  a  deflection  of  292  divisions,  using  a  shunt 
82,  of  2400  ohms ;  then 

-.     ^       5000  +  1000       „^^    5000  +  2400       ^^„ 
Ex:E,:: ^^ X  300  : ^ X  292  ; 

that  is. 

El  lEj,::  1800:  900-33, 
or  as 

2  :  1  very  nearly. 

This  method  is  very  often  the  best  one  to  employ,  not  only  for 
discharge,  but  also  for  constant  deflections,  as  it  is  sometimes  in- 
convenient to  have  to  continually  adjust  until  the  same  deflection 
exactly  is  reproduced.  In  certain  cases,  indeed,  it  would  be 
impossible  to  do  so,  as  will  be  seen  hereafter. 

338.  It  may  be  here  mentioned  that,  in  the  case  of  discharge 
deflections,  the  fact  that  the  resistance  between  the  terminals  of 
the  galvanometer  is  varied  by  the  introduction  of  shunts  of 
difierent  values,  does  not  require  to  be  taken  into  consideration. 

Correction  for  Discharge  Deflections. 

339.  Mr.  Latimer  Clark,  in  a  communication  addressed  to  the 
Society  of  Telegraph  Engineers,*  points  out  an  error  caused  by 
the  use  of  shunts  in  measuring  discharge  deflections. 

It  was  found  that  if  a  certain  discharge  deflection  were 
obtained  with  a  shunt,  then  on  removing  the  latter  the  discbarge 
deflection  obtained  was  larger  than  that  given  by  multiplying  the 

original  deflection  by  — ^ —  • 

After  considerable  research,  the  cause  of  the  error  was  traced 
to  the  inductive  action  of  the  galvanometer  needle  on  its  coils. 
The  movement  of  this  needle   set   up  a  slight   current,  which 

»  *  Journal  of  the  Society  of  Telegraph  Engineerb,*  Vol.  II.,  page  16. 
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opposed  the  discharge  current,  and  consequently  redaoed  ita  eflbot 
This  effect  being  more  marked  when  the  shnnt  was  nsed^  made 
the  discharge  deflection  without  the  shunt  to  appear  larger  than 
it  should. 

The  formula  for  finding  what  would  be  the  discharge  de- 
flection obtained  on  the  removal  of  the  shunt,  the  discharge 
deflection  without  the  shunt  being  given,  may  be  thus  arrived 
at:  — 

First  suppose  the  shunt  to  be  inserted. 

Now  in  all  problems  in  which  a  current  from  a  condenser  has 
to  be  considered,  we  may  suppose  the  condenser  to  be  a  battery 
with  a  resistance  infinitely  great  compared  with  the  resistances 
external  to  it. 

Let  E  be  the  force  of  tbe  charge,  B  the  resistance  of  the  con- 
denser circuit,  G  the  resistance  of  the  galvanometer,  S  the  resist- 
ance of  the  shunt. 

Let  the  movement  of  the  needle  generate  an  opposing  force  e ; 
then  calling  C,  a,  and  ^  the  respective  discharge  strengths  in  the 
galvanometer,  condenser,  and  shunt  circuits,  we  get  (by  applying 
Kirchoff's  laws,  page  169)  the  following  equations : 

a  -  C  -)8  =  0,  or,  )8  =  a  -C 
aR+CG-E4-e  =  0 
aR  +  /?S-  E  =  0; 


therefore 


therefore 


then  by  division 


oR  +  CG  -  E-hc  =  0 
oR  +  (a-C)S-E  =  0; 

aR  =  E- CG- e 

a(R  +  S)  =  E-|-CS; 

R  E- CG-e 


R  +  S  E  +  CS 

by  multiplication  and  changing  the  signs  we  get 

(R  +  S)(CG+e)-RE- SE  =  -RE-CRS; 

therefore 

(R-f  S)(CG  +  c)  -  S (E  -  C R)  =  0. 

Next  suppose  the  shunt  to  be  removed,  and  let  the  strength  of  the 
discbarge  be  Cj,  and  the  new  force  generated  by  the  movement  of 
the  needle  be  6^,  then 

Ci  =  5-11^ ;  thereforeE  =  C^  (R  +  G)  +  «,. 
K  4"  vx 
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Substituting  this  value  of  E  in  the  last  equation,  we  get 

(B  +  S)(CG  +  6)  -  S(Ci(B  +  G)+  «!  -  OR)  =  0. 

Now  e  aud  e^  will  be  proportional  to  the  deflections  of  the  needle, 
that  ia  to  say,  to  the  strengths  of  discharge  producing  those  de- 
flections. 'They  will  also  be  proportional  to  the  strength  of  the 
magnetism  of  the  needle,  which  strength  we  will  represent  by  k. 
Then 

e  =  K  C,  Ci  =  K  Cj. 

Substituting  these  values  we  get 

(B  +  S)C(G  +  k)  -  S(Ci(B  +  G  +  k)  -  CB)  =  0. 
or 

(l  +  DC(G  +  .)  -  S  (C.  (l  +  ^±1)  -  C)=  0. 

Now,  B  is  to  be  infinite  as  compared  with  S  and  G ;  therefore 
by  putting  B  =  oo,  we  find  that 

C  (G  +  «)  -  S  (C,  -  0)  =  0, 
therefore 


c.=c(«  +  «±s). 


To  make  this  formula  useful,  we  must  determine  the  value  of  jc. 
This  can  be  done  thus : — 

Provide  two  condensers,  one  having  exactly  twice  the  capacity 
of  the  other.  Charge  the  larger  one  with  a  sufficient  battery 
power  to  obtain  a  discharge  deflection  (a^)  of,  say,  200  divisions 
on  the  scale,  with  a  shunt  inserted  equal  in  resistance  to  the 
galvanometer. 

Now  remove  the  shunt,  and  having  charged  the  other  condenser 
from  the  same  battery,  note  the  discharge  deflection  (oa) ;  let  it  be 
204  divisions. 

It  will  be  seen  that  the  deflection  we  should  have  obtained 
with  the  larger  condenser  and  no  shunt  would  have  been  2  a^,  and 
this  is  the  theoretical  deflection  we  should  obtain  when  aj  is 
multiplied  by  the  multiplying  power  of  the  shunt  corrected  by 
the  constant  k  ;  that  is  to  say, 

therefore 
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To  continue   the   example  we  have  given,  let  us  suppose 
G  =  5000  ohms ;  then 

/204 

Uoo 


K  =  2  X  5000  ( ^  -  l)  =  200. 


For  the  particular  galvanometer,  then,  we  have  been  con- 
sidering, we  say  that  when  mecusuring  discharges  the  multiplying 
power  of  any  shunt  (S)  which  may  be  used  is 

G  4-  200  +  S 
S 

Suppose  we  have  given  the  observed  deflection  without  the 
shunt  and  also  the  observed  deflection  with  the  shunt,  and  we 
require  to  know  what  this  latter  ought  to  be  in  order  to  give  us 
the  true  deflection  compared  with  the  first.  Let  the  true  deflection 
bo  A ;  then  by  the  ordinary  formula 

but  when  the  error  exists, 

from  these  two  equations  we  get 


<= '  ^  n')  (a^^y- 


.G  +  K  +  8 
therefore 

or  in  words : 

True  deflection  =  observed  deflection  [1  +  p       ^  j. 

It  should  be  clearly  understood  that  this  formula  is  to  be 
applied  to  the  correction  of  the  deflection  obtained  tcith  the  shunt, 
the  deflection  without  the  shunt  being  considered  as  the  index  of 
the  current  from  the  condenser. 

We  may  remark  that  this  latter  formula  corresponds  with  that 
obtained  by  the  late  Mr.  Charles  Hockin,  and  given  by  Mr.  Latimer 
Clark  in  the  paper  referred  to. 

For  practical  use  the  formula 


C.  =  C(«±|+-S) 
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is  the  only  one  we  should  require,  as  by  it  we  can  at  onoe  deter- 
mine from  the  deflection  obtained  without  the  shunt  what  the 
deflection  toith  the  shunt  would  be,  or  vice  versd. 


The  Belation  between  the  Ccjrrent,  the  Besistance,  and  the 
Electromotive  Force,  between  two  Points  in  a  Circuit. 

340.  In  Fig.  136  let  E  be  a  battery  of  electromotive  force,  E, 
and  resistance,  x,  joined  up  in  circuit  with  a  resistance  r,  and  let 
G  be  a  galvanometer  having  a  resistance  very  much  greater  than 

Pio.  136.  Fio.  137. 


the  other  resistances,  so  that  it  does  not  affect  the  flow  of  the 
current  in  the  circuit,  x  +  r.  Now,  the  current,  0^  flowing 
through  the  galvanometer  will  be 

E  f Er 

^1"      ,      rG   ^  r  +  Q'-xr  +  xG  +  rQ' 

"^■^r  +  G 

It  is  evident  that  this  current  must  be  due  to  the  existence  of 
an  electromotive  force,  or  a  difference  of  potential,  in  some  portion 
of  the  circuit  in  which  the  galvanometer  is  placed ;  and  it  is, 
moreover,  evident  that  this  electromotive  force,  or  difference  of 
potential,  must  exist  between  the  points  A  and  B  in  the  portion 
of  the  circuit  external  to  G.  Let  e  be  this  electromotive  force 
(Fig.  137),  then  we  have  (since  G  is  very  much  larger  than  the 
other  resistances) — 

6 

but 

Er 

^^'xr  +  xQ+rGt' 
therefore 

Er  ^ 

icr+»G-|-rG'^G* 

X  2 
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that  is, 

0  EO  E 


but,  sinoe  G  is  very  great  compared  with  the  other  resistanoefl^ 

-0=0; 

therefore 

e         E 


But  by  Ohm's  law  (§  2,  page  1),  the  current  C,  flowing  ont  of 
the  battery — that  is,  flowing  through  r — is 

C=     ^ 


therefore 

C  =-,  or,  «  ss  Cr; 

r 

that  is  to  say, 

(A)  The  difference  of  ihe  potenUal  at  two  poiiUe  in  a  reeigtanee  (in 
which  no  electromotive  force  exists)  is  equal  to  ihe  product  of  the  eurrent 
and  the  resistance  between  the  two  points. 

341.  We  will  next  consider  the  case  where  an  electromotive 
force  exists  in  the  resistance  through  which  the  current  is  flowing, 
the  strength  of  the  latter,  and  the  potentials  at  the  two  points, 
being  partly  due  to  this  electromotiTe  force. 

We  have  two  cases  to  be  considered,  first,  that  in  which  the 
electromotive  force  in  the  resistance  opposes  the  current  actually 
flowing,  and  second,  that  in  which  the  force  acts  in  the  same 
direction  as  the  current. 


Fig.  138. 


y.  K 


qiH't 


In  Fig.  138,  let  E  be  a  resistance  between  the  points  A  and  B, 
and  let  G^  be  the  current  flowing  due  to  an  external  electromotive 
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force  in  a  resistanoe  (or  combination  of  resistances)  r ;   then  by 
law  (A)  (page  308),  we  have 

Y,  -  V,'  =  G,  B.  [1] 

Next,  let  us  first  suppose,  as  in  Fig.  139,  that  we  have  in  B  a 

current  C,  caused  by  an  electromotive  force  E,  then  by  Ohm's 

law  we  have 

E 
C,  =  g-^p^,    or,    Cj  E  +  Cj  r  =  E, 

that  is, 

Caf^E-CjE; 

but  by  the  law  (A)  (page  308)  we  have 

therefore 

Va- Vj' =  E-CjE.  [2] 

Now  if  we  take  the  case  shown  in  Fig.  140  where  the  current 
G  is  produced  by  the  two  electromotive  forces,  then  the  respective 
potentials  at  the  points  A  and  B  must  be 

V  =  Vi  +  V, 
and 

Therefore  we  have 

V-V'  =  (V,-V.')  +  (V,-V,'). 

and  by  substituting  the  values  of  Vi  —  Vj'  and  V9  —  Vt'  given  in 
equations  [1]  and  [2]  we  get 

V  -  V  =  Ci  E  +  E  -  C2  E  =  E  (Ci  -  Cj)  +  fi ; 

but  we  can  see  that 

therefore 

V-V'  =  CE+I),  [3] 

V  being  always  greater  than  V. 

In  the  case  we  have  taken  we  have  supposed  the  electromotive 
force  E  to  act  against  the  current,  if  we  take  the  force  to  act  with 
the  current,  then  we  get 

V-V'  =  CE-E.  [4] 
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It  may  be  remarked  that  this  rule  is  true  whether  (a)  C  is  due  to 
E  alone,  (h)  to  E  assisted  by  an  external  force,  or  (c)  to  E  diminished 
by  an  external  force.  In  cases  (a)  and  (c)  however,  V  —  "V'  is 
always  positive,  but  in  case  (&)  it  is  sometimes  positive  and  some- 
times negative,  according  to  circumstances.* 

342.  The  result,  then,  that  we  have  arrived  at  by  the  fore- 
going investigation  is,  that — 

(B)  TJie  difference  of  the  potentials  at  two  points  in  a  resistance  in 
which  an  electromotive  force  exists  is  equal  to  the  product  of  the  current 
and  the  resistance  between  the  two  points^  added  to  the  eleeiromotive 
force  in  the  resistance,  this  electromotive  force  being  negative  if  it  acts  with 
the  current,  and  positive  if  it  opposes  it. 


Measurement  of  Battery  Eesistance  by  Kempe's  Method. 

343.  Besides  determining  the  electromotive  force  of  a  battery, 
we  can  also  determine  its  internal  resistance  with  great  facility 
by  means  of  a  condenser.  To  do  this,  first  charge  the  condoBser 
by  means  of  the  battery,  and  note  the  discharge  deflection,  which 
we  will  call  a ;  next  insert  a  shunt,  8,  between  the  poles  of  the 
battery ;  again  charge  and  discharge  the  condenser,  and  note  the 
new  deflection,  which  wo  will  call  fi.  Let  e  be  the  electromotive 
force  between  the  polos  of  the  battery  when  the  shunt  S  is  inserted, 
and  let  C  be  the  current  flowing,  then  by  law  (A)  (page  308),  we 
have 

c  =  CS,  or,  C  =  |. 

b 

Also,  if  E  be  the  electromotive  force  of  the  battery,  and  r  its  re- 
sistance, we  have 

B 
C  = 


therefore 


or 


therefore 


e  ___     E 
S"S+r' 

eS+er  =  ES 
e  r  =  S  (E  -  c), 


♦  Tbitj  latter  case  is  met  with  in  Lumsdcn'is  Ekclxomotivo  Force  teel, 
page  168. 
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or 

e 

but  we  must  also  have 

E  :  e  : :  a  :  )9; 

therefore 

r  =  S^^.  [A] 

To  obtain  accuracy  it  is  adyisable  for  the  value  of  S  to  be  such 

that  the  deflection  p  is  approximately  equal  to  —  • 

o 

For  example. 

A  battery  whose  resistance  (r)  was  required  was  joined  up  with 
a  galvanometer,  condenser,  discharge  key,  &c.,  as  shown  by  Fig.  126, 
page  292.  The  condenser  being  charged  and  then  discharged 
through  the  galvanometer  (by  depressing  and  then  releasing  the 
key  K2),  a  deflection  of  290  divisions  (a)  was  produced.  A  resist* 
ance  of  20  ohms  (8)  was  then  joined  between  the  terminals  of  the 
battery,  and  the  condenser  again  charged  and  discharged  through 
the  galvanometer,  the  value  of  the  deflection  obtained  being  105 
divisions  (jS).     What  was  the  resistance  of  the  battery  ? 

^^  290  -  105       ^     ^    , 
r  =  20 Y^ —  =  00  •  2  ohms. 

It  is  evident  that  if  S  be  adjusted  till  i?  =  n»  ^^^^ 

r  =  S.  [B] 

An  error  in  the  foregoing  kind  of  test  may  possibly  arise  from 
one  measurement  being  made  with  the  poles  of  the  battery  free, 
when  no  action  goes  on  in  it,  and  the  second  being  made  with  it 
shunted,  which  may  cause  a  falling  off"  in  its  electromotive  force, 
as  action  would  then  be  taking  place ;  the  accuracy  of  the  test 
depends  upon  the  electromotive  force  being  constant  in  both  cases. 
If  the  shunt  S  be  connected  to  the  battery  by  means  of  a  key,  then 
the  second  discharge  deflection  P  is  best  obtained  by  fii*st  pressing 
down  the  key  Kj  (Fig.  126,  page  292),  then  pressing  down  the 
key  which  connects  the  shunt  to  the  battery,  and  then  immediately 
afterwards  releasing  the  key  Kg,  and  noting  the  deflection.  Thus 
as  little  time  as  possible  is  allowed  for  polarisation  to  take  place. 

*  The  reason  of  this  will  be  obvious  from  a  coDsiileration  of  the  iovestigatioDB 
giveu  in  §  120,  page  116,  and  §  125,  page  123. 


HANDBOOK    OF    El.ECTEICAL   TESTING. 


Fio.  HI. 


MEAaDttEMEMT  OF   BaTTERY    Re&ISTARCE   BY   MuiltHKir's   JdZTSm*. 

344.  A  very  excellent  modi6catioD  of  the  foregoing  method 
has  been  devised  by  Dr.  A.  Miiirbead ;  it  poBsesses  the  ^eat 
advantage  of  being  free  irora  the  aource  of  error  just  mentioned. 

In  this  teat  (Fig.  141)  the  battery,  galvanometer,  and  condenser 
are  joined  up  in  circuit  with  a  key  Kj.     The  condenser  C  being 
short  circnited  for  a  moment,  so  as  to  diBsipate  any  charge  which 
may  have  been  accidentally  left  in  it,  key  Kj  in  depreaeed ;  this 
causes  a    charge  to  rush  into  the 
condenser    througb    the    galvano- 
meter, producing  the  aame  deflec- 
tion OS  wonld  be  produced  if  the 
cnndenaer,  when  charged  &om  the 
battery    direct,    were    discharged 
through  the  galvanometer. 

The  charge  deflection  (a)  being 
noted,  the  key  K,  is  kept  perma- 
nently down,  BO   as  to   keep   the 
condenser  charged.     By  means  of 
key  K„  a  shunt  (S)  is  now  con- 
nected between    the    poles  of  the 
t  this  takes  plttce  the  potential  at  the  poles 
A  reverse  deflection  of  the  needle  of  tbn 
Bnppo>e  this  deflection  to  he  due 


\m\i 


lJ7 


battery  ;  at  the  mon 
of  the  latter  falls,  e 
galvanometer  is  produced. 

a  alteration  of  the  potential  from  a  to  fi  (the  latter  being  the 
same  quantity  as  that  given  in  the  previous  test),  it3  ii  ~ 
will  be 

^  =  a  -  A  or,  /3  =  a  -  £. 

If,  then,  we  substitute  this  value  of  ^  in  eijudtinn  [A]  (p^e  311) 
of  the  previous  test,  we  get 


1  vab^^^^^ 
■page  311^ 


For  example. 

The  shunt  S  having  a  resistance  of  10  ohms,  the  deflM 
produced  on  depressing  key  Kj,  was  8I0  diTixions  (a).     K,  boing^    ' 

down,  Ki  was  depressed,  when  a  deflection,  of  100  divisions 
(J)— in  the  reverse  direction  to  a— was  obtained.  What  waa  the 
resistance  of  iho  li.itturv  V 
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^  =  ^^310^100  =  ^'^^^^"^' 


As  in  the  previous  test,  it  is  advisable  to  give  S  Buch  a  value 

a 

that  f^  is  approximately  equal  to  k  • 

As  no  polarisation  of  any  extent  takes  place  in  the  battery  till 
some  seconds  after  the  shunt  has  been  connected  to  the  former  by 
the  key,  and  as  the  deflection  takes  place  immediately  the  key  is 
depressed,  it  follows  that  very  accurate  results  will  be  obtained  by 
this  test.  It  may  be  remarked,  however,  that  Professor  Gamett 
has  found  that  polarisation  takes  place  in  a  battery  in  an  extremely 
short  space  of  time — ^in  even  the  n^ir^  P^^  ^^  ^  second ;  the 
amount,  is  however,  of  course  very  small.  In  Muirhead's  test  the 
time  during  which  polarisation  would  tend  to  affect  the  accuracy 
of  the  test  would  be  that  occupied  by  the  galvanometer  needle  in 
swinging  from  zero  to  the  deflection,  {,  consequently  the  quicker 
the  swing  (consistent  with  accurate  reading)  the  better. 

Measurement  of  Battery  Eesistance  bt  Munbo's  Method. 

345.  A  modification  of  Muirhead's  method  has  been  suggested 
by  Mr.  J.  Munro,  which  simplifies  calculation,  inasmuch  as  it  gives 
the  value  of  a  —  ([  by  a  single  deflection. 

Key  Kj  is  first  depressed,  and  then  immediately  afterwards 
key  K2  is  also  depressed ;  this  gives  a  deflection  ^,  which  is 
equivalent  to  the  difference  between  the  deflections  a  and  ^  in  the 
last  test.  Key  E^  is  now  raised,  leaving  key  K,  down ;  and  as 
soon  as  the  galvanometer  needle  becomes  steady,  E^  is  depressed 
again,  and  the  deflection  ^  read,  then  we  have 

E=  S^. 

As  a  slight  interval  of  time  may  elapse  between  the  depression 
of  key  El  and  key  Eg,  when  obtaining  the  deflection  0  (during 
which  time  the  battery  would  be  partially  short  circuited),  it 
would  be  preferable  to  make  the  test  in  the  following  manner : — 
Make  the  connections  so  that  the  front  contact  of  key  E|  is  joined 
on  to  the  lever  of  key  Ej  instead  of  on  to  the  front  contact  of  the 
latter,  as  in  Fig.  141  (page  312)  ;  then  in  order  to  obtain  $,  depress 
El  and  keep  it  down,  and  immediately  afterwards  depress  E] ;  the 
deflection  observed  in  this  case  will  be  $.  Now  raise  key  E^, 
keeping  key  Es  down,  and  when  the  galvanometer  needle  has 
become  steady,  depress  E^,  then  the  deflection  obtained  will  be  {[. 
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Meaturemetil  of  Polarigalion  in  Batteriea. 


atterv     T 


346.  The  amouut  of  polariBation  which  takes  place  in  a  batter; 
when  the  latter  is  short  circuited  may,  if  required,  be  easily 
ascertained  in  the  followiug  manner  ;— In  Fig.  141  (page  312)  let 
8  be  ft  short  iiiece  of  wire  of  practically  no  resistance,  then  haTing 
short  circuited  the  condenser  C  for  a  moment,  depress  key  K», 
and  note  the  deilection  d^.  Keeping  K.^  down,  depress  K,,  and 
hold  it  down  for  a  definite  time,  say  one  minute  ;  at  the  end  of 
tho  interval,  roleaiie  E,,  und  note  the  deflection  d, ;  then  the 
percentage  of  polarisation  in  the  one-minute  iutervul  wlU  ohvioiuiy 


100  (d,  -  d.,) 


n  the     I 
ioualy     j 


I 


i 


Measwement  of  the  ReHitance  of  Batlerks  of  Low  Beaigtanee. 

347.  In  cases  where  it  is  required  to  measure  the  total  reeist- 
ancd  of  a  number  of  cells  of  extremely  low  resistance  (secondary 
batteries,  or  accumulatorB,  for  example)  by  any  of  the  foregoing 
methods,  the  heating  effect  produced  by  the  cnri-eat  3>aBaing 
through  tho  ahuut  S  when  tho  latter  ia  oonneoted  to  tho  battery 
by  means  of  the  key  K■^,  would  be  liable  to  heat  and  damage  the 
coils  of  which  the  shunt  is  composed.  In  suoh  cases  the  oelle 
should  bo  divided  into  two  sets,  one  set  having,  say,  one  more  cell 
than  the  other ;  the  two  sots  should  then  be  joined  together  so 
that  their  electromotive  forces  oppose  one  another.  By  this 
arrangement  we  praotioally  obtain  a  battery  whose  electromotive 
force  is  equal  to  one  cell  only,  but  whose  resistance  is  equal  to 
that  of  all  the  colls ;  consequently  the  cuiTeut  generated  can  be 
but  comparatively  small,  and  would  have  but  little  heating  efieot. 
Tho  contact  in  key  E^  should  be  made  by  means  of  a  mercury 
cup. 

348.  When  oomparing  large  eleotrorootive  forcos  with  small 
ones — as,  for  itistance,  100  cells  with  one  cell— ^by  the  condenser 
discharge  method,  the  smaller  force  should  be  taken  first ;  for  a 
large  charge  usually  leaves  a  residuum  in  the  condenser,  which 
may  bo  greater  than  the  small  force,  and  which  can  only  be 
thoroughly  dissipated  by  Itaving  the  condenser  short  circuited  for 
some  time.  If  the  smaller  force  is  measured  first,  then  any 
residuum  it  may  leave  becomes  entirely  swamped  by  the  larger 
force,  and  no  increase  of  charge  is  added  to  the  oondouser  beyt 
that  due  to  tho  larger  force  itBclf. 


user  bevoirf      I 
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349.  Although  the  condeDser  practically  becomes  charged 
instantaneously,  it  is  usual  to  keep  the  current  on  for  a  definite 
time ;  twenty  seconds  is  the  period  very  generally  adopted ;  this 
ensures  that  the  charging  is  complete. 

350.  When  discharge  currents  are  being  measured,  especial 
care  must  be  taken  to  insert  a  shunt  of  small  resistance  in  the 
galvanometer  at  first,  as  momentary  currents  are  very  liable  to 
weaken  the  magnetism  of  the  needles  when  these  currents  are 
strong.  If  this  precaution  is  not  taken,  a  set  of  me€isurements  for 
one  test  may  be  rendered  useless,  as  a  comparison  of  measurements 
made  before  the  magnets  become  weakened,  with  measurements 
taken  after,  would  be  obviously  impossible,  and  much  loss  of  time 
would  result. 


816 
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OHAPTEB  Xn. 

MEASUBEMENT  OF  CUEBENT  STBEKQTH. 

351.  If  we  have  a  simple  circuit,  as  shown  by  Fig.  142,  then 
if  we  know  the  total  resistance,  B  +  O  +  r,  of  the  same,  and  abio 
the  electromotive  force,  E,  of  the  battery,  we  can  at  once  deter- 
mine the  strength  of  the  current  flowing,  for  by  Ohm's  law  we 

have 

Fw.  142.  ^  B 

0  =  t:^ 7= . 

B  +  G  +  r 

If  the  resistances  are  in  ohms  and  the 
electromotive  force  of  the  battery  in  volts, 
then  the  resulting  current  will  be  in 
amperes. 

Tot  example. 

The  electromotive  force,  £,  of  a  battery 

which  produced  a  current,  C,  in  a  oirouit 

whose  total  resistance,  B^,  was  500  ohms, 

was  found  by  comparison  with  a  Daniell  cell  to  be  3*5  times  as 

strong  as  the  latter;  what  was  the  strength  of  the  current,  C, 

flowing  in  the  circuit  ? 

B  =  3-5  X  1-079  =  3-777  volts. 

3 '777 
C  =  =  '00755  amperes. 

352.  In  the  foregoing  method  of  measuremeut,  in  order  to 
determine  the  strength  of  the  current,  it  was  necessary  to  know 
both  the  resistance  of  the  circuit  and  also  the  electromotive  force 
producing  the  current.  A  direct  determination  of  the  latter  can 
only  be  made  by  comparing  it  with  a  current  of  a  known  strength 
as  follows : — 

Direct  Deflection  Method. 

353.  In  this  method  a  galvanometer  is  inserted  in  the  circuit 
through  which  flows  the  current  whoso  strength  is  to  be  measured. 
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The  resistance  of  the  galvanometer  should  be  sufficiently  low  not 
to  appreciably  increase  the  total  resistance  of  the  circuit  in  which 
it  is  inserted.  The  deflection  produced  by  the  current  being 
noted,  the  galvanometer  is  removed  and  joined  up  in  circuit  with 
a  standard  battery  (page  149)  and  a  resistance;  the  latter  is  then 
adjusted  until  the  deflection  which  was  obtained  in  the  first 
instance  is  reproduced;  in  this  case,  then,  the  current  flowing 
must  be  equal  to  the  current  whose  strength  is  required.  If 
therefore  we  divide  the  electromotive  force  (in  volts)  of  the 
standard  battery,  by  the  iokd  resistance  (in  ohms)  in  its  circuit, 
we  get  at  once  the  required  strength  of  the  current,  in  amperes. 
The  resistance  of  the  standard  battery  requires  of  course  to  be 
included  in  the  total  resistance  unless  it  is  so  small  that  it  can  be 
neglected. 

354.  The  degree  of  accuracy  attainable  in  a  test  of  this  kind  is 
directly  proportional  to  one-half  the  degree  of  accxiracy  with 
which  the  galvanometer  deflection  can  be  read,  for,  since  two 
measurements  have  to  be  made,  one  with  the  current  whose 
strength  is  required,  and  the  other  with  the  standard  cell,  there 
may  be  errors  made  in  both  of  these.  If  the  current  to  be 
measured  is  a  strong  one,  so  that  it  is  necessary  to  shunt  the 
galvanometer  when  obtaining  a  deflection,  this  shunt  not  being 
used  when  the  deflection  is  reproduced  with  the  standard  cell, 
then  in  this  case  the  result  obtained  by  dividing  the  electro- 
motive force  of  the  standard  cell  by  the  total  resistance  in  its 
circuit,  must  be  multiplied  by  the  multiplying  power  of  the 
shunt  (page  84)  in  order  that  the  correct  strength  may  be 
obtained. 

For  Sample. 

In  measuring  the  strength  of  a  cuiTent,  the  deflection  produced 
on  the  galvanometer  shunted  with  the  -j^th  shunt,  was  50°.  The 
galvanometer  (without  the  shunt)  being  connected  up  with  a 
standard  Daniell  cell  of  10  ohms  resistance,  and  a  set  of  resistanoe 
coils,  it  was  found  necessary  to  adjust  the  latter  to  560  ohms  in 
order  to  bring  the  needle  to  50° ;  what  was  the  strength,  C,  of  the' 
current  to  be  measured  ? 

C  = X  10  =  '0189  amperes. 

560  +  10  «»i"injicD. 

355.  When  a  galvanometer  is  inserted  in  a  circuit  through 
which  a  current  is  flowing  whose  strength  it  is  required  to 
measure,  it  is  very  necessary  that  the  resistance  of  the  instru- 
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mont  be  very  low  compared  with  the  reHistanee  of  the  cirmM 
itself,  othoTwiae  the  introduction  of  the  galvanometer  will  redno^ 
the  current  flowing,  and  the  result  obtiuued  will  not  be  the  on^ 
required.  Before  making  the  test  it  would  of  course  ho  necesBary 
to  aecertnin  whether  the  galvanometer  available  for  nsc  wonlS 
meet  the  desired  conditions. 

Tomakethe  test  as  accurately  as  possible  itwonid  be  nccoGwy 
that  the  galvanometer  needle  when  deflected  be  as  near  to  thv 
angle  of  maximum  tenaiticetteM  (page  25)  as  possible.  If  th» 
strength  of  current  necessary  to  give  this  angle  be  found  by 
joining  up  a  standard  cell  and  a  set  of  resistances,  and  varying  the 
latter  until  the  required  deflection  ia  obtained,  then  wo  can  always 
t«ll  whether  the  instrument  would  be  suitable  for  a  particular  ptir- 
pose.  Thus,  for  example,  suppose  the  galvanometer  had  a  resist- 
ance of  1000  ohms,  and  the  angle  of  maximum  sensitivenesB  were 
approximately  equal  to  60°,  and  suppose  further  that  this  deflection 
were  obtained  by  1  Daniel!  cell  through  a  total  resiHtance  of  8000 

ohms,  that  is,  with  a  current  of  -an^^  ~  "000135  ampSres ;  then 
to  measure  such  a  current  we  must  have  the  whole  resistance  of 
the  galvanometer,  viz,  1000  ohms,  in  circuit.  If  the  instrument 
were  shunted  with  the  ^Ifl-tli  shunt,  then  the  resistance  would  be 
reduced  to  100  ohma,  and  the  current  correapouding  to  60°  deflec- 
tion would  be  -00133  ampirea;  and  again,  if  the  m'-or*^  shnnt 
were  employed  the  resistance  would  bo  reduced  to  1  ohm,  and 
the  current  corresponding  to  60°  would  be  -ISS  amperes;  thus  we 
Be©  that  if  it  were  reijuired  to  measure  a  current  of  about  -0135 
ami>fereB  and  it  were  necessary  that  a  resistance  no  greater  than 
one  ohm  should  be  inserted  in  the  circuit,  then  it  is  evident  that 
the  galvanometer  in  (jueetion  would  not  answer  the  purpose 
required,  since  a  good  deflection  with  'OiaS  amperes  of  current 
would  not  be  obtuined  if  a  lower  sliuut  than  ji-^th  were  employed, 
which  Ititter  shunt  would  reduce  the  galvanometer  resistance 
down  to  10  ohms  only. 

It  is  preferable,  when  possible,  lo  employ  a  galvanometer  of 
high  resietance  shunted  down,  rather  than  one  of  low  resist- 
ance not  shunted  down,  sines  with  such  a  galvanometer  it  is 
measure  the  '■  constant "  of  the  instrument  accurately; 
for  the  high  resistance  of  tho  tatter,  together  with  the  high 
resistance  which  it  would  bo  necessary  to  place  in  circuit  in  order 
to  get  a  readable  deflection  with  one  standard  cell  only,  would 
swamp,  as  it  were,  the  resistance  of  the  cell,  which  resistance  need 
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■ot  then  be  taken  into  account,  or  at  least  need  only  be  known 
approximately.  With  a  galvanometer  of  low  resistance,  however, 
lAtn  a  oomparatiyely  small  resistance  only  would  have  to  be 
iBtradnoed  into  the  circuit  in  order  to  get  the  required  deflection, 
Aeresiatance  of  the  cell  would  be  required  to  be  known  accurately, 
'« it  would  form  an  important  item  in  the  total  resistance  of 
ttedrcnit. 

356.  The  foregoing  test  has  the  advantage  that  it  can  be  made 
wifh  almost  any  form  of  galvanometer,  for  as  only  one  deflection 
Ins  to  be  obtained  it  is  not  necessaiy  to  know  what  proportions 
fbe  Taiious  degrees  of  deflection  which  it  is  possible  to  have,  bear 
to  the  cnrrents  which  produce  them.  If,  however,  a  tangent  gal- 
VBBometer  is  employed  to  make  the  test,  then  it  is  unnecessary  to 
repioduoe  the  same  deflection  exactly,  though  it  is  advisable  to 
make  it  approximately  near  to  it. 

357.  Suppose  that  in  the  last  example  the  test  had  been  made 
with  a  tangent  galvanometer,  and  the  deflection  obtained  with  the 
standard  cell  had  been  54°  instead  of  60^  (the  deflection  given  by 
the  current  whose  strength  was  required),  then  in  this  case  the 
actual  strength,  C^,  of  the  currrent  would  be 

n    ^  _1:079  Q       tan  60°  ^ 

^       560  +  10  tan  54° 

^'^'^^      X  10  X  ^^im  =  -0238  amperes. 


560  +  10  1-3764 

358.  If  we  use  no  shunt,  or  the  same  shunt  when  taking  both 
the  deflections,  and,  further,  if  wo  make  the  total  resistance  in 
circuit  with  the  standard  Daniell  cell  equal  to  1079  ohms,  then 
calling  d°  the  deflection  given  by  the  current,  and  d^°  the  deflec- 
tion given  by  the  standard  cell,  we  have 

n   _  1-079        tend'   _        tand°        amperes- 
^'  -  "1079    ^  teiT  d7  -  1000  Uind°  """P^'^* ' 

or,  further  still,  if  by  means  of  an  adjusting  magnet  we  can 
arrange  that  the  deflection  given  by  the  standard  cell  through 
1079  ohms  equals  45°,  then  since  tan  45°  =  1,  we  must  have 


r 
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Cardew'3  Dikferential  Method.* 


3o9.  This  method,  devised  by  Major  Garden 
Bfttiafactory  and  UHelul  one;  it*  thoovy  ia  shown  by  Fig.  143. 

The  galvanometer  G  is  wound  with  two  wires,  g  and  j, ; 
current  C,  whose  strength   it   is  required  to  measui-e   is   pasaed 
through  the  coil  g^  (which  has  a  low  resistanco),  and  a 


a  rety 
t3. 

J,;  ilw      \ 
.   pasaed 


battery  E  is  counectfld  in  circuit  with  the  second  coil  g  and  with 
an  adjustable  resistance  B.  The  current  being  passed  through  the 
coil  y,,  the  reeiiitance  11  ia  adjusted  until  the  needle  comes  to  zero. 
If  we  call  n  and  n,  the  relative  deflective  effeota,  for  the  same 
current,  of  the  two  coila  g  and  g^,  and  if  C,  and  c  be  the  cuirenta 
flowing  through  3,  and  g,  respectively,  then  iu  order  to  produoe 
equilibrium  we  must  have 

c  ;  0,  ;  :  n,  :  », 


I 


Now  the  current  through  c  will  evidently  be 
=      ^ 

the  resistance  of  the  battery  being  included  in  K  ;  Iherefbrsl 
P,  n 

For  escanple. 

The  relative  deflective  effects  of  the  coila  g  and  j, 
1000  to  1 ;  the  resistance  of  g  was  100  ohms.     The  battery  iJ  tI 
a  1-cell   standard  Daniel!.     In   order  lo  obtain  equilibrinm  tlie 
*  >  Jounuil  (if  tliu  Suuioty  \A  Tclugmpli  Euginccra,'  vol.  xi,  pugo  801. 


MEASUREMENT  OF  GUBBENT  STRENGTH.  321 

reBistanoe  B  had  to  be  adjuated  to  4800  ohms.  What  was  the 
strength  of  the  onrrent  C^  ? 

0,  =      ^-Q^g       X  ^  =  -220  ampiree. 
^      4800  + 100  1  ^ 

360.  The  relative  deflective  effects  of  g  and  g^  are  easily  ascer- 
tained by  joining  up  a  battery  e  and  two  resistances  B^  and  Bt»  as 
shown  by  Fig.  144,  and  then  adjusting  until  equilibrium  is  pro- 
duced ;  in  this  case  we  have 

n  :  ih  : :  Bi  +  ^  :  Bj  +  ^1, 
or 

361.  As  the  accuracy  with  which  a  test  can  be  made  depends, 

amongst  other  things,  upon  the  accuracy  with  which  —  is  known, 

111 

the  higher  the  battery  power,  6,  it  is  possible  to  use,  the  better, 

siuce  in  this  case  the  higher  will  be  the  values  which  can  be  given 

to  Bi  and  B^,  and  the  higher  consequently  will  be  their  range  of 

adjustment;  thus  if  we  use  sufficient  battery  power  to  enable  a 

change  of  '1  per  cent.,  that  is  to  say,  1  ohm  in  1000  ohms,  or 

i^^th  of  an  ohm  in  100  ohms  in  Bi  +  ^,  to  produce  a  perceptible 

movement  of  the  needle,  then  we  can  obtain  the  value  of  —  to  an 

accuracy  of  •  1  or  -j^th  per  cent. 

The  resistance  of  g^  would  have  to  be  very  small  compared  with 
the  resistance  of  g,  so  that  it  would  not  add  appreciably  to  the 
resistance  of  auy  circuit  in  which  it  is  inserted. 

362.  As  regaids  the  Best  conditions  for  moMng  the  test,  this  will  be  directly 
proportional  to  the  relative  yalues,  of  the  figure  of  merit  (page  79),  of  the  ooil  (/„ 
and  the  current  to  be  measured,  for  it  is  evident  that  no  matter  whether  eqoili- 
brii^  exists  owing  to  there  being  no  current  flowing  through  the  coils  g  and  g,, 
or  to  equal  currents  flowing,  still  the  current  which  will  deflect  the  needle 
1  division  will  be  the  same  in  both  cases;  hence  if  the  flg^ure  of  merit  of  the 

ooil  g,  be,  say,  foT^th  of  an  amp^  then  an  increase  of  ^p^p^th  of  an 
amp^  in  the  current  Ci,  no  matter  what  the  strength  of  the  latter  may  be, 
will  produce  a  deflection  of  1  degree.  It  is  evident,  therefore,  that  the  greater  the 
strength  of  the  current  the  greater  is  the  degree  of  accuracy  with  which  its  value 
can  be  determined ;  thus  if  o'  be  the  figure  of  merit  of  the  coil  gp,  and  C,  be  the 
current  to  be  measured,  then  the  Percentage  of  accuracy  attainable  wiU  be  the 
percentage  which  c'  is  of  G|. 

To  enable  this  percentage  to  be  obtained,  however,  it  would  be  necessary  that 

Y 
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the  total  raalstanoe  of  the  drooit  of  g  be  adjustable  to  a  degree  of 
■imilar  to  that  in  the  case  of  y, ;  in  order  that  this  may  be  8o»  E  mnat  be  of  aodk 
a  yalne  that  the  number  of  nnits  in  B  +  y  ia  not  lesB  than  that  whioli 
the  equation 

R 

Now« 


therefore 


or 


'  For  example. 
The  flgore  of  merit  of  eoil  g^  of  the  galTanoneter  ma  *0001  amperes  (O; 
the  current  to  be  measured  was  approximately  '  5  amperes  (Oi) ;  and  the  Talue  of 

!^  was  '001.    Wliat  was  the  possible  degree  of  aoeuracy  attainable  in  making 
n 

the  test,  and  what  would  have  been  the  lowest  value  which  should  have  been 
given  to  £  in  order  that  this  degree  of  aoeuracy  might  be  attained  ? 


1 


B  +  y 

-c;- 

«^  =  B  + 

A 
—  X  -  » 

9      "i 

A 

X  -» 

A 

also 


100  yc  *000l 
Feieentage  of  aoeuraoy  =        ^    ^^^*  .  .^2  per  oent ; 


E  =  A^^  X  -001  =  2-5  volts. 
•0001 


If,  therefore,  E  consisted  of  3  Daniell  cells,  the  required  value  of  B  +  ^  would 
have  been  obtained. 

To  sum  up,  then,  we  have 

Best  Conditions  for  making  the  Test, 

363.  Make  E  not  less  than  -4  X  -  »  c'  being  the  figure  of 

merit  of  the  ooil  through  which  the  current  to  be  measured  is 
passed. 

Possible  Degree  of  Accuracy  attainable. 
Percentage  of  accuracy  =  — ^^ 

Ekmpk*8  Bbidoi  Mbthod. 

364.  This  method  is  a  modification  of  the  fi)regoing,  and  it  has 
the  advantage  that  it  does  not  require  a  special  form  of  galvano- 
meter for  its  execution.     It  is  shown  in  principle  by  Fig.  145. 

In  making  the  test  the  resistance  R  is  adjusted  until  no  deflec- 
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tion  is  observed  on  the  galvanometer ;  when  this  is  the  case  the 
current  e  from  the  battery  must  also  be  the  current  flowing  through 
r,  and,  again,  the  current  0^  must  also  be  the  current  flowing 
through  r^.     Now  since  no  current  flows  through  the  galvano- 


Fig.  145. 


meter,  the  potentials,  V,  V,  on  either  side  of  it  must  be  the  same, 
hence  if  v  be  the  potential  at  the  junction  of  r  and  r^,  then  by  law 
(A)  (page  308)  we  have 

Y-'V  =  cr, 
and 

therefore 

C,  r,  =  c  r, 


or 


but 


ri 


c  = 


E 


n  +  r 


therefore 


c,= 


Er 
r,(R+r)" 


[A] 


For  example. 

The  battery  E  consisted  of  a  single  standard  Daniell  cell.  The 
resistances  r  and  r^  were  100  ohms  and  1  ohm,  respectively.  Equi- 
librium was  obtained  on  the  galvanometer  0  when  B  was  adjusted 
to  4000  ohms ;  what  was  the  strength  of  the  current  Ci  ? 


n  1-079  X  100  ^oao         X 

Ci  =  T-TTTTXA-^— ,  .c^  =    ^263  amperes. 
'       1  (4000  +  100)  ^ 


Y  2 


r 
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365.  I^t  lu  DOW  coDBider  Ihe  Bttl  CotulUioiu /or  ttuUang  lAa  TeH. 

What  KB  btLTe  to  deteimlne  ib, — let,  vh&t  ihotild  be  the  vsline*  of  E  jwd  rf 
■ud  2iid,  what  sbould  b«  the  lotue  of  B? 

The  v*]uei  whiob  E  and  r  shonld  haTS  sboQld  be  niob  that  the  deflection  of 
tlie  gBlTuioiiieter  needle  ii  ma  large  a>  pmaiUe  irhen  equilibriniD  ia  jeij  natrij, 
tbough  net  quite,  prodsred.  Now  if  we  irgtri  E  u  a  conatunt  qwntitj,  tlia 
tbe  value  ohiah  E  muit  have  will  depend  apan  the  value  given  to  r,  rntini 
queotlj  we  have  to  determine  what  the  latier  qnantitj  should  be. 

Fra«ti<»llj  tlie  resistanoe  r,  voolil  in  all  oaaea  bare  to  be  of  a  very  IowtkIdc, 
and  if  we  coDiider  it  to  be  to  the  problen  to  be  solved  becoraoa  a  compvativelj 
simple  oee.  We  maj  regard  the  current  s'  producing  the  delieotion  of  tha 
galvanometer  needle  aa  due  to  a  difference  o(  two  eiur^iitg,  C,  being  one,  and  ths 
current  produced  bj  the  electromotive  foroe  G,  being  the  other.  Let,  tbea.  c, 
and  0,  be  the  jiortionaof  these  currents  whicii  flow  in  oppunte  direotioiu  tliruugh 
the  galvanometer  O,  then  if  we  auppoae  the  deflection  to  be  due  to  K  being 
iQi-orrectly  adjotted  to  B  -f  ),  we  have  (loppoaing  r,  to  be  verj  muUl), 


"GB  +  G!  +  Gf  +  Br  +  rJ       UR+GS  +  Qr+Br  +  rl! 


-  6r  +  gT+g7+r7+7» 

or.  uiuro  S  is  virj  small,  we  ma;  saj, 

C,r,J _  0,r,I 

='-GR  +  Or+Kr-  "K  (U  +  r;  4 

From  lhi>  equation  we  can  see  that  r  should  be  made  imall.  bnt  we  eaa  aln 
at!B  Hint  lliere  ii  but  little  advantage  in  iiiakiugit  much  amajler  IhanG.  In  fact, 
ttii-re  11  an  actus)  disadvantage  iu  making  r  extremely  small.  Tor  thia  woald 
Qtweasitale  E  beiiiK  nwle  very  Urge,  which  would  b«  innmvonlent. 

Wo  hove  next  U>  dt^lermine  what  is  tbe  best  value  to  give  to  B.  Nov,  tha 
lurgp-r  we  make  Ibn  latter.  Ihe  grealfic  will  be  its  ran^e  nf  adjiialment,  onae- 
ItKutly.  as  iu  previous  teats,  <re  sLontd  give  it  the  Mjkttt  —las  wait  UmI  ■ 
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^ange  of  1  unit  from  Us  eorreel  regUtanoe  produce  a  perceptibie  d^/tedion  of  the 
gahanometerneedU, 
We  have 

^^-RCG  +  O  +  Gr' 

and  if  in  this  equation  we  put  8  s  1  we  shall  get  the  current  corresponding  to  a 
change  of  1  unit  from  the  correct  value  of  It,  that  is 

^  -  R(G+r)  +  Gr' 
or,  since  r  must  be  small,  we  may  practically  say 


from  which 


R  =  ^'.  [B] 


If  then  we  make  c'  the  figure  of  merit  (page  79)  of  the  galvanometer,  the 
value  of  R  worked  out  from  the  equation  will  show  the  highest  value  that  the 
latter  quantity  should  have.  But  the  value  of  R  depends  upon  the  value  given 
to  E ;  we  must  therefore  determine  what  the  latter  should  be. 

We  have 

or 

^      C,r,(R.f  r). 
r 


and  substituting  the  value  of  R  obtained  from  equation  [B],  we  get 

E  = 


0-(7^*+') 


or,  as  f  is  small  compai^  with  R,  that  is  with  ^^h^t  we  may  say 

o'Gr 

For  example. 

It  was  required  to  measure  the  exact  strength,  0,,  of  a  current  whose  approzi> 
mate  strength  was  known  to  be  *  03  amperes.  A  Thomson  galvanometer  of 
5000  ohms  resistance  (G)  was  employed  for  the  purpose,  ite  figure  of  merit  being 
'000,000,001  (0').  The  resistances  of  r  and  r,  were  100  ohms  and  I  ohm 
respectively.  What  should  be  the  value  of  £  in  order  that  R  may  be  as  high 
aa  possible  ? 

B  =  (03  X  ly =  1-8  volte; 

•000,000,001    X  5000  X  100 

that  is  to  say,  practically,  E  should  consist  of  2  Danieir cells. 
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Aasoming  E  to  be  equal  to  2  volts  apprazmialely,  them  (jbam  eqctl—  [B] 
page  825)  the  Taloe  which  B  would  have  in  otder  to  obluii  hahiwfi  woald  be 

•03x1 


\ 


000,000,001  X  MOD 

approximately. 

866,  In  order  to  detennine  the  PouiUe  degree  </  aemneg  ctteteMs,  lot  m 

■appose  B  to  be  1  nnit  oot  of  adjustment,  and  lei  A  be  the 

prodaoed  in  Gp  then  we  have 

Er 

^>  +  ^-r,(B-l  +  r)' 
or 

Er  n  ^^  Br 


r,(B-l+r)        '      r,(B-l+r)      r,(B  +  r> 

Br . 

-r|(B-l+r)(B  +  r)' 

or,  lince  B  is  large,  we  may  say 

^-r,(B+r>»' 
but 

Er  /  Er  \s 

therefore 


^^Er    /0,rA,^Ct«r, 
r    • \ Er /  Er   * 


If  wo  call  A'  the  percentage  of  aocuracy,  then 

x=j^ofCp    or,   x=-^  =  -^^^. 

If  we  take  the  valhes  given  in  the  foregoing  example  we  have  approximately 

A'  =  15^,03)^1  =.015  per  cent 
2  X  100  *^ 

To  sum  up,  then,  we  have 

Best  CondUions  for  making  ike  Tett. 

367.  Make  E  the  nearest  possible  value  above  ^  /^      .  where  e' 

c  G  r 

is  the  figure  of  merit  of  the  galvanometer,  and  C|  is  the  approxi- 
mate strength  of  the  current  to  be  measured. 

The  value  which  B  will  require  to  have  will  be 

B  =  ^- 
c'G 

Posstble  Degree  of  Accuracy  attainable. 

100  Cr^ 


Percentage  of  accuracy  = 


Er 
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Difference  of  Potential  Deflection  Method. 

368.  Fig.  146  shows  the  general  principle  of  this  method. 

A  B  is  a  low  resistance  through  which  the  current,  Ci,  to  be 
measured  passes.  A  galvanometer,  O,  in  circuit  with  a  high 
resistance,  B,  is  connected  between  the  ends  of  A  B  as  shown,  then, 
calling  y  and  V ^  the  potentials  at  A  and  B  respeotiyely,  we  have 
by  law  (A)  (page  308) 

c.  =  U'. 


Fio.  146. 


To  determine  V  —  Vi  all  we  have  to  do  is  to  note  the  deflection 
d  on  the  galvanometer  G,  and  then,  having  disconnected  the  latter, 
together  with  the  resistance  B,  from  A  B,  to  join  them  in  circuit 
with  a  standard  cell  of  known  electromotive  force,  E,  and  to  obtain 
a  new  deflection  d^ ;  we  then  have 

V  -  V,  :  B  : :  d  :  cT,, 
or 

80  that 

Ed 


C,= 


rdi' 


369.  In  order  that  the  test  may  be  a  satisfactory  one  the  resist- 
ance O  +  B  should  be  very  high  compared  with  the  resistance  r, 
0O  that  the  strength  of  0^  is  practically  the  same  whether  O  -f-  ^ 
is  connected  to  A  B  or  not ;  also  r  should  be  as  low  as  possible,  so 
that  it  may  not  appreciably  add  to  the  resistance  of  the  circuit  in 
which  it  is  placed.  In  order,  therefore,  that  a  good  deflection  may 
be  obtained,  the  galvanometer  G  should  be  one  with  a  high  figure 
of  merit  (page  79) ;  a  Thomson  galvanometer  answers  the  purpose 
very  satisfactorily. 


r 
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For  taamplt. 

Id  making  a  roeaBnreitieDt  acDordisg  to  the  foregoing  test  tin 
reaUtaDoe  r  was  ilgth  of  an  obm,  and  the  deflection  obtained  on  G 
was  250  diviBioDB  (d).  Wlien  G  and  R  were  connected  to  a 
Btandard  Danietl  cell  in  the  place  of  being  joined  to  A  B.  a  defleo- 
tion  of  230  divisions  (d,)  was  obtained  ;  what  was  the  fitraiigth«{ 
the  current  C,  ? 

„        l-079x250_  ,,.,„„-_ 


Ah  it  IB  obviotiely  advisable  that  the  defleotions  obtained  shcvU 
both  be  as  high  as  poaaible,  the  standard  electromotive  foroe  E  may 
have  to  be  adjusted  for  the  purpose,  that  is  to  say,  it  may  have  to 
consist  of  several  cells.  Instead  of  adjusting  E  only  we  may  make  the 
latter  of  any  convenient  high  value,  and  then  adjust  R  so  that  the 
required  deflection  is  obtained ;  in  this  case  if  R,  be  the  resistance 
when  E  is  in  circuit,  we  must  have 

p   _EJ(B  +  G) 

For  example. 

In  making  a  measurement  according  to  the  foregoing  test  the 
resistance  of  r  was  I'^th  of  an  ohm  and  the  deflection  obtained  on 
G  was  270  divisions  (d) ;  the  resistances  of  G  and  K  were  5000 
ohms  and  1000  ohms  Tespeclively,  When  G  and  H  were  connected 
to  a  standard  Daniell  cell,  R  had  to  be  adjusted  to  7000  ohms  (R,) 
in  order  to  obtain  a  deflection  of  300  divisions  (d,)  ;  what 
strength  of  the  current  C,  ? 


1-079  X  270  X  (1000  +  6000)  _  ,  .„-  ,„^^ 
-  lV^-306  x77000T"5000r       *  ^^  '""^'^ 


a^^ 


» 


Of  course  if  the  value  of  B,  is  made  such  that  the  deflections  d 
and  dj  are  eqnal,  then 

C   =  Eflt  +  G) 
'      --(Ri  +  G)" 

370.  From  the  extreme  simplicity  of  the  test  it  must  be  ohvious 
that  the  "  Best  conditions  for  making  the  test "  and  the  "  Possible 
degree  of  accuracy  attainable  "  must  be  as  follows  : — 

Betl  Conditiont  for  making  the  Teit. 
Hake  R  and  R,  of  such  values  that  the  deflections  obtained  a 
as  high  as  possible. 
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Po88%bh  Degree  of  Aceitracy  aUaiiMMe, 
Percentage  of  aootuaoy  =  100^  (;i  "^  T  ) 

wheTe  ^  IB  the  fraction  of  a  division  to  which  each  of  the  defleo- 
tions  can  be  read. 

Difference  of  Potential  Equilibriuii  Method. 

371.  Fig  147  shows  the  general  principle  of  this  method. 

A  B  is  a  slide  wire  resistance,  a  being  the  slider.  A  galvano- 
meter, O,  and  a  standard  battery,  E,  are  joined  np  as  shown,  so  that 
the  latter  tends  to  send  a  current  through  r^  in  a  direction  opposing 

Fro.  147. 


A< 1; ->J>     B 


the  current  0| ;  <  is  then  slid  along  A  B  until  the  point  is  reached 
at  which  no  deflection  of  the  galvanometer  needle  is  observed; 
when  this  is  the  case,  then  by  law  (A)  (page  308)  we  have 

and  by  law  (B)  (page  310),  since  no  current  is  flowing  through 
the  galvanometer, 

therefore 

or 

B 

If  the  resistance  of  the  whole  length  of  wire  A  B  be  r  ohms, 
and  if  it  be  divided  into  n  divisions,  then  if  the  number  of  divi- 
sions between  A  and  D  be  fii,  the  resistance  r^  will  be 


consequently  we  must  have 


n 

n 

Cx 

_En 
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For  example. 

The  electromotiTG  force  £  consisted  of  1  Bt&ndard  Daniell  c«II ; 
the  wire  A  B  had  a  reBistance  of  1  ohm  (r),  and  was  divided  into 
1000  parts  (n).  Eqailibrinm  was  obtained  when  the  slider  wa* 
sot  at  the  T50th  division  (n,);  what  was  the  strength  of  the 
cunont  C,  ? 

„        1-079  X  1000      ,    ., 

C.  -  =  1  •  44  amperee. 

'  1  X  750  '^ 

3T2.  Tba  conditiunB  for  nuking  the  teat  in  the  moat  tatisCacteTj  mumer  tin 
oompsrativelf  simple.  The  noirer  we  liBVO  the  dider  to  B,  tli&t  it  to  ea;,  the 
iBrger  we  m&ke  r,,  the  Boialler  will  be  the  percentage  of  error  in  the  latter  dm 
to  the  ilider  being,  eaj,  1  diTiiioQ  out  oF  pontiun.  At  the  poiition  of  (he  ilider 
Tor  equilibTJum  depends  apou  the  valne  of  E,  Uio  bitet  miuit  be  saffidentlj  gmt 
to  ennble  n,  to  be  m  largu  as  possible.  The  grcelest  theoietkal  raluo  which  E 
oonld  have  miut  b«  that  wbioh  it  would  posaesB  when  s,  =  n,  in  which  can  we 

0,  =,  !.      OT.      E  =  O.  r. 

As  it  is  oal;  possible  to  ii4i'<^t  ^  ^7  Tariatione  of  1  cell,  wo  mint  take  care 
that  its  actual  -niae  is  leas  ratboi  than  greater  thnn  C,  r,  otherwise  it  wodd  be 
impossible  to  obtain  equilibrimn. 

It  is  also  neocssar;  that  the  figure  of  merit  (page  7!))  of  the  galvanometer  be 
soffidenllj  high  to  eosble  a  perceptiblo  movomont  uf  the  needle  to  be  obtained 
when  the  slider  is  mnvod  a  readable  distance,  S,  from  the  position  of  exact 
balaoee.  K  we  suppose  tbo  slider  to  be  at  D  when  eqnilibrium  is  prodaced,  then 
the  elcotromotiro  force  which  would  tend  to  send  a  current  through  the  galra- 
uomctcr,  supposing  tbe  slider  to  be  displaced  a  distance  I,  would  be 


eousequently  the  current  r',  passing  through  the  gBlvanomctcr,  will  bo 
El        C,  r  S 


if,  therefore,  we  require  to  adjust  tbe  slider  to  an  aocnracy  oft,  tbe  fignre  of 

ES 
ment  e'  of  the  galvanometer  must  not  be  less  than  -^ —  . 


The  percentage  of  accuraoj',   \',  with   which  0, 
obtionsly  be 


L         tberefbi 
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For  example. 

It  being  required  to  measure  the  strength,  G|,  of  a  current  whose  approxi- 
mate value  is  1  *  5  amperes,  a  galyanometer  of  500  ohms  resistance  (6),  whose 
figure  of  merit  is  '000001  (cT),  is  proposed  to  be  employed  for  the  purpose.  The 
resistance  of  the  whole  length  of  the  slide  wire,  which  is  divided  into  1000 
divisions  (n),  is  1  ohm  (r) ;  the  position  of  the  slider  can  be  read  to  an  accuracy 
of  I  a  division  (8).  What  is  the  highest  value  that  could  be  given  to  E  ?  also 
to  what  percentage  of  accuracy  could  C|  be  determined,  and  what  should  be  the 
figure  of  merit  of  the  galvanometer  in  order  that  this  percentage  of  accuracy  may 
be  attained  ? 

E  =  1-5  X  1  =  1-5  volts; 

therefore  we  cannot  make  E  greater  than,  say,  1  Daniell  cell  (1  volt  approxi- 
mately). 

X.       r                    100  X  1-5  X  1  X  J         .__ 
Percentage  of  accuracy  =  1  x  1000 ~  ^^  ** 

To  enable  this  percentage  of  accuracy  to  be  obtained,  the  figure  of  merit  (e') 
of  the  galvanometer  must  not  be  less  than 

1*5  X  1  X  i         ^^^«^,^ 

'  =  500x1000  =QQQQ^^^' 

the  figure  of  merit,  therefore,  of  the  galvanometer  in  question  is  sufficient  for  the 
required  purpose. 

To  sum  up,  then,  we  have 

Beat  Conditions  for  making  the  Test. 

373.  Make  E  the  nearest  possible  value  below  C^  r. 

The  figure  of  merit  of  the  galyanometer  should  not  be  less 


than 


Gn 


Possible  Degree  of  Accuracy  attainable. 
Percentage  of  accuracy  =  — =-^ —  . 


Siemens'  Electro-Dynamometer. 

374.  This  apparatus,  although  it  can  be  used  for  measuring 
ordinary  powerful  currents,  yet  has  the  special  advantage  that  it 
enables  rapidly  alternating  currents  to  be  measured ;  such  currents 
would  give  no  indications  on  an  ordinary  galvanometer. 

The  principle  of  the  electro-dynamometer  is  based  upon  the 
mutual  action  of  currents  upon  one  another,  i.  e.  upon  the  fact  that 
currents  in  the  same  direction  attract,  and  in  opposite  directions 
repel,  one  another.     Fig.  148  shows  how  the  principle  is  applied. 

A  B  C  D  is  a  fixed  wire  rectangle,  and  ab  c  d  Sk  smaller  one, 
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Fio.  lis. 


snepended  by  a  thread,  1,  witUa  the  larger,  so  that  it  can  tsm 
freely  about  its  axis ;  the  planes  of  the  tvio  are  at  right  anglei 
to  each  other.  Now,  if  the  two  rectangtee  be  connected  tt^ether 
in  the  way  shown,  then  a  current  entering  at  W„  and  passing 
out  at  Wj,  will  traverse  the  two,  and  the  current  paasing  from 
B  to  C  will  attract  the  current  passing  from  o  to  d,  and  will  repel 
the  current  passing  from  c  to  6.  A  similar  action  takes  place  with 
reference  to  the  current  passing  from  D  to  A,oonsequ6ntlyliie  smaller 
rectangle,  under  the  infiueooe  of  the 
forces,  will  tend  to  turn  about  it« 
axis,  in  the  direction  in  which  the 
hands  of  a  wat«h  rotate.  If  the  cur- 
rent enters  at  W„  and  leaves  at  W„ 
then,  inasmuch  as  the  directions  of  all 
the  currents  in  the  wires  are  reversed, 
the  small  rectangle  must  still  tend  to 
tnm  in  the  direction  indicated.  If 
one  or  both  of  the  rectangles  conaiBt 
of  several  turns  of  wire,  the  turning 
effect  for  a  given  current  will  be 
proportionately  increased. 

As  the  turning  eSect  on  the  coil 
—~~*   Wj    is   produced   by    the   action  of  the 
""  current  through  the  fixed  coil  acting 

on  the  current  through  the  movable 
i  the  two  coils  are  in  the  same  oircnit,  it  follows  that 
if  the  current  passing  through  the  Hxed  coil  is  doubled,  then 
the  current  passing  through  the  movable  coil  is  also  doubled,  con- 
sequently we  have  one  doubled  current  acting  upon  another 
doubled  current,  and  therefore  we  must  have  a  quadruple  de- 
flective effect— in  other  words,  the  deflective  force  tending  to 
turn  the  movable  coil  will  vary  as  the  square  of  the  current.  The 
way  in  which  this  principle  is  utilised  will  be  best  understood  by 
reference  to  Fig.  1 49  (page  334),  which  shows  a  general  view  of  the 
Siemens  Dynamometer. 

The  apparatus  consists  of  a  rectangle  of  wire  hung  from  a  fibre 
whose  upper  end  is  fixed  to  a  thumb-screw  ;  the  latter  is  provided 
with  a  pointer  which  can  be  moved  round  a  graduated  dial ;  one 
end  of  a  spiral  spring  is  also  attached  to  the  rectangle,  the  other 
end  being  fixed  to  the  thumb-screw.  In  this  arrangement  the 
number  of  degrees  to  which  the  pointer  is  directed  evidently  in- 
dicates the  amount  of  torsion  given  to  the  spiral  spring.  To  the 
rectangle  also  is  fixed  a  pointer,  the  end  of  which  just  laps  over 


ooil,  and  b 


^ 
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the  edge  of  tlie  gimduated  diaL  The  rectangle  encircieB  a  ooil  con- 
aktiiig  of  aererml  tome  of  thick,  and  a  larger  number  of  turns  of 
thin,  wire;  the  two  ends  of  the  thick  wire  are  oonneoted  to  ter- 
minala  2  and  3»  and  the  two  ends  of  the  thin  wire  to  terminals 
1  and  3.  Oonnection  is  made  between  the  rectangle  and  the  wire 
ocnls  bj  mercury  caps,  into  which  dip  the  ends  of  the  wire  farming 
the  rectangle^  The  baee  board  has  three  levelling  screws;  the 
level  conasts  simply  of  a  small  pointed  weight  hnng  at  the  end  of 
a  rod  (seen  on  ^e  right  of  the  figure),  the  pointed  end  hangs 
exactly  over  a  fixed  point  when  the  instrument  is  leveL 

375.  The  method  of  using  the  instrument  is  as  follows: — ^The 
wires  leading  the  current  whose  strength  is  to  be  determined  are 
connected  to  terminals  1  and  3,  or  2  and  3,  according  as  a  strong 
or  weak  current  has  to  be  measured.  The  current  deflects  the 
rectangle ;  the  thumb-screw  is  now  turned  in  the  reverse  direction 
to  that  in  which  the  rectangle  has  turned,  and  torsion  being  thereby 
put  on  the  spiral  spring  the  rectangle  is  forcibly  brought  back 
towards  its  normal  position — ^ihat  is,  at  right  angles  to  the  coils,  or 
to  the  position  at  which  the  pointer  attached  to  the  rectangle 
stands  at  zero  on  the  scale.  The  number  of  degrees  of  torsion 
given  to  the  spiral  spring  being  then  read  off,  the  strength  of  the 
current  is  found  by  reference  to  a  table  supplied  with  each  instru- 
ment. To  construct  this  table  a  current  of  a  known  strength  is 
sent  through  the  instrument,  and  then  the  degree  of  torsion 
required  to  bring  the  rectangle  back  to  zero  is  carefully  noted. 
This  being  done,  the  currents  corresponding  to  other  degrees  of 
torsion  are  easily  calculated.  The  force  of  torsion  varies  directly 
as  the  number  of  degrees  through  which  the  spiral  spring  is 
twisted,  whilst,  as  has  been  before  explained,  the  deflective  effect 
of  the  current  varies  directly  as  the  square  of  the  latter.  In  other 
words,  if  tf>°  be  the  number  of  degrees  of  torsion  required  to  bring 
the  rectangle  back  to  zero  when  it  is  traversed  by  a  ctirrent  of  0 
amperes,  then  if  Ci  be  the  current  which  will  correspond  to  any 
other  degree  of  torsion  <f>^°,  we  have 

or 


c.  =  V 


*'°-? 


For  example.  * 

If  180°  (<^®)  of  torsion  were  required  to  bring  the  rectangle 
back   to  zero  when   it  was   traversed  by  47 '57  (C)  amperes  of 
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cnrrent,  what  current  (Ci)  would  be  represented  by  80°  (<Ai*')  of 
torsion  ? 


0.V 


"to""''''"'""'*"'- 


876.  Like  galvanometers,  the  Siemens  electro-dynamometer  is 
not  susceptible  of  great  accuracy  when  the  readings  are  very 
low ;  in  fact,  the  higher  the  readings  are,  the  more  accurate  are 
the  results  obtainable.  Thus,  for  example,  6°  of  torsion  of  the 
spring  represents  a  current  (in  the  instrument  (No.  1009)  shown 
by  Fig.  149)  of  7*93  amperes,  whilst  6**  more,  that  is  10°  in  all, 
represents  a  current  of  11*23  amperes.  In  other  words,  a  range 
of  5°  of  torsion  only,  represents  a  difference  in  the  current  of 

(11-23  -  7-93)100  4.       Ao  * 

i ^ per  cent.  =  42  per  cent. 

If,  however,  the  current  had  been  66*38  amperes,  which  corre- 
sponds to  a  torsion  of  350°,  then  5°  more  of  torsion,  or  355°  in 
all,  represents  a  current  of  66*86  amperes,  consequently  the 
range  of  5°  of  torsion  in  this  case  represents  a  difference  in  the 
current  of 

('66*86-66*38)100  ^        «o 

V  r,^  nn      P®^  ^^**  =  •  72  per  cent. ; 

66*38 

and  a  greater  degree  of  torsion  wotdd  have  rendered  the  error  still 
less. 

Every  instrument  is  supplied  with  a  table  which  shows  the 
current  strengths  corresponding  to  various  angles  of  torsion ; 
practically  this  table  is  different  for  every  instrument,  as  it  is 
almost  impossible  (nor  is  it  necessary)  to  make  two  dynamometers 
alike.  The  table  supplied  with  the  instrument  (shown  by  Fig.  149 
(No.  1009))  is  calculated  so  that  the  latter  can  theoretically 
be  used  for  measuring  currents  varying  from  1*05  to  66*86 
amperes  in  strength.  The  thin  wire  coil  is  to  be  employed  when 
onitents  of  from  1*05  to  19*87  amperes  are  to  be  measured,  and 
ihe  thick  wire  coil  for  currents  of  from  3  •  54  to  66  •  86.  The  num- 
bers of  degrees  of  torsion  representing  various  currents  are  all 
multiples  of  5 ;  thus  the  first  calculation  on  the  table  (thick 
irixe  coil)  is  1°,  which  represents  3*5  amperes  of  current;  the 
next  is  5°,  representing  7*93  amperes  ;  the  next,  10°,  representing 
11*28  amperes;  and  so  on.  Practically  the  instrument  cannot 
well  be  adjusted  to  a  closer  degree  of  accuracy  than  5°. 

The  thin  wire  coil,  having  about  three  times  the  magnetic 
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effect  of  the  tliiok  one,  requires,  for  a  de&ait«  cuireDt,  tfaatH 
number  of  degrees  of  torsion  to  bring  the  needle  back  to  zan 
be  about  three  times  that  which  is  required  in  the  case  of  tbn 
thick  ciLiil ;  in  other  words,  with  the  thin  wire  coil  we  can  praoti- 
cally  measure  currents  to  about  three  times  the  degree  of  aocDtscf 
which  is  possible  with  the  thick  coil;  but,  on  the  other  hand, 
the  highest  current  which  we  oan  prsoticallj-  measure  with  thn 
thin  coil  is  about  ono-third  onlj  of  the  highest  current  which  cao 
be  meaeured  with  the  thick  ooil. 

The  lowest  current  which  can   be   measared   consistent  witk 
a  degree  of  accuracy  equal  to  10  per  cent,  is  5'76,  for  the  || 
current  below  this  on  the  tuble  is  5-25,  and  therefore  we  haid 


at  witb    I 
he|Md 


If  we  require  to  be  accurate  within  1  per  cent.,  then  the  low«t 
current  we  could  measure  would  be  16*77,  as  the  next  c 

below  this  on  the  table  is  16' 20,  and  we  therefore  have 


(16-77  -  16-60)100 


per  cent.  =  1  per  cent  nearly. 


100 


Since  the  percentage  of  accuracy  is  equal  to 
(C  -  Ci)  100  _/  0        ,\ 

— c;^^  "  la,  ~  V 

where  C  is  a  particular  current,  and  C„  the  current  next  b 
on  the  table,  and  since 

where  ^°  and  ift°  are  the  degrees  of  torsion  corresponding  ) 
currents  C,  Cj,  therefore 

Percentage  of  accuracy  =  (^r_  _  i  Jn 

practically  r 


and  as  the  smalleet  difference  to  which  we 
5°,  therefore 


Percentage  of  accuracy 
Therefore 
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therefore 


therefore 


1  + 

6" 

~  10,000 

+  1  + 

V 

60' 

5° 

~  10,000 

+  60' 

or. 


,  o  _      50,000 
"^^        X'2  +  200  X' ' 


"which  aho^^rs  us  the  smaUest  number  of  degrees  of  torsion  whioh 
must  be  given  to  the  spiral  spring  when  measuring  a  current,  in 
order  that  the  latter  may  be  measured  to  an  aocuracj  of  x  per 
oent. 

For  example. 

It  was  required  to  be  able  to  measure  currents  of  10  amperes 
and  upwards  to  an  accuracy  of  1  per  cent.,  by  means  of  an  electro- 
dynamometer;  how  many  degrees  of  torsion  would  the  spiral 
spring  be  required  to  make  ? 


o  ^   50,000   ^  248° ; 
^^        1  +  200  ' 


showing  that  the  electro-dynamometer  must  be  so  constructed  that 
when  currents  of  10  amperes  and  upwards  have  to  be  measured, 
not  less  than  248°  of  torsion  have  to  be  given  to  the  spiral  spring 
in  order  to  bring  the  needle  back  to  zero. 

377.  From  the  construction  and  principle  of  the  electro- 
dynamometer  it  must  be  evident  that  the  accuracy  of  the  absolute 
results  obtained  by  its  means  must  depend  entirely  upon  the  tor- 
sion of  the  spiral  spring  remaining  constant.  It  seems  possible 
that  change  of  temperature  and  frequent  use  might  alter  the  value 
of  the  torsion,  but  this  is  stated  not  to  be  the  case.  The  instru- 
ment might  probably  be  made  of  more  value  if  its  coil  were 
composed  of  a  large  number  of  turns  of  thin  wire,  shunted  by  a 
thick  wire  shunt.  The  latter  would  be  used  when  measuring  the 
strong  currents,  whilst  the  correctness  of  the  instrument  could  be 
verified  by  sending  a  comparatively  weak  current  through  the 
unshunted  coil.  It  is  not  often  that  powerful  currents  of  an 
accurately  known  value  can  be  had  for  the  purpose  of  verifying 
the  correctness  of  an  instrument,  though  weaker  currents  are 
almost  always  obtainable. 


z 


I 
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CHAPTER  XIII. 

MEASUREMENT  OF  ELEOTROBTATtC  CAPACITT. 

Direct  DEfxecrioK  Mcthoo. 

878.  Tho  simplest  way  of  meaBuring  electrostatic  or  indnotin 
capadtiea  is,  with  the  same  battery  power,  to  compare  ths  dis- 
charges from  the  unknown  capacities  with  the  discharge  from 
a  condenser  of  a  known  capacity  j  thus  we  note  the  discharge 
dofleciion  a  given  by  tho  standard  condenser  F.  and  then  tbe 
discharges  a^,  a^  &c.,  given  by  the  cables  or  oondensers  whose 
oapocitiee  F„  F^  <t[c.,  are  required,  in  which  oose 

F  :  F, :  P,  : :  o  ;  Hi  :  <v 

For  exawple. 

A  standard  condenser  had  a  capacity  of  ^  microfarad,  and  gave 
a  discharge  deflection  of  300,  and  two  other  cables  or  oondenaoi^ 
Fi>  ^'v  S*v«  discharge  deflections  of  225  and  160  tm\ 
then 


4  ;  F,  :  P, : :  3tW  :  225  :  180 ; 

F,  =  1 .  2^  =  '  microfarad. 
'       '     300       ' 


F,  =  J-  J^  =  imicrofanid. 

If  we  nse  shimts  and  obtain  the  tame  deflection,  then 
1 .  TT  .  T-  . .  G  +  S  .  G  +  S.  .  Q  +  S, 

379.  In  measuring  the  electrostatic  capacity  of  a  cable  by  this 
method,  tbe  connections  for  measuring  the  discharge  from  the 
cable  would  bo  made  in  tbe  manner  shown  by  Fig.  150  (page  339). 
The  arrangements  for  measuring  the  discharge  from  the  c 
would  be  those  indicated  by  Fig.  120  (imge  292). 

Then,   as   before,  the  capacity  of  the   cal'Ie  will   be  I 


1    ue  w  uw    I 
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oapaoity  of  the  ooitdenBer  as  the  discharge  defleotion  of  the  one  is 
to  the  disoharge  deflection  of  the  other,  or  obtaining  the  same 
deflection  by  means  of  shunts,  as  the  mnltiplTing  power  of  the 
ehuntfl, 

Fio.  190. 


380.  The  capacity  per  mile  will  be  the  result  divided  by  th* 
mileage  of  the  cable. 

S81.  When  a  number  of  capacities  of  about  the  same  value 
have  to  be  measared,  as,  for  instance,  the  capacities  of  two-knot 
lengths  of  cable  core,  a  device  may  be  adopted  which  considerably 
simplifles  the  operatioo.  Let  F  be  the  capacity  of  the  standard 
condenser  whose  discharge  is  D  divisions,  and  let/  be  the  capacity 
of  one  of  the  lengths  of  cable,  and  d  the  discharge  from  the  same. 
Then  we  have 

¥:/::D:d, 

^      Fd 


Kow  if  we  make  -=-  a  sobmultiple  of  10,  then  the  value  of  d 
read  off  from  the  scale  will  give  at  onoe  the  Value  of/.    Thus  if 
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T  were  a  onndenBer  of  J^  micmfarad  capacity,  and  we  so  adjusted 
the  g!ilvau< >inet«r  that  this  capacity  gave  a,  discharge  deflectiou  of 
a  little  uver  ^33  divisions,  then  we  sliunld  have 

•'       833i      1000 ' 

BO  that  if  the  discharge  deflection  reading  from  the  cable  couaiatel 
of  three  figures,  a  decimal  point  put  before  the  Litter  would  ^ve 
]uce  the  capacity  of  the  cable  ;  or  if  the  reading  consisted  of 
two  figures,  then  we  must  put  ft  decimal  jwiiit  and  a  cypher.  In 
the  same  way,  if  we  had  a  condenser  of  1  microfarad  capacity,  ws 
should  adjust  the  galvanometer  so  as  to  obtain  a  deflection  of  100 
divisions,  for  then 

Id     a 


100     100 


SlEUENs'   Loss  OF  ChAROE  DlSCQXilGE  MeTHOD. 


3B2.  The  principle  of  this  method  of  measurement  is  thai 
observing  the  rat«  at  which  the  charged  condenser  or  cable,  whose 
capacity  is  required,  discharges  itself  through  a  known  resistanoa, 
and  cttlculatiTig  the  capacity  from  a  formula  wtiioh  we  will  now 


hose 


The  elements  with  which  we  have  to  deal  are:  capacity 
(farad),  resistance  (ohm),  quantity  (coulomb),  time  (second),  and 
potential  (volt). 

Let  us  suppose  the  cable  or  condenser  has  an  electrostatic 
capacity  of  F  farads,  and  is  charged  to  a  potential  of  V  volts,  ho 
that  it  contains  Q  coulombs  (eijual  to  V  F)  of  electricity,  and  is 
discharging  itself  through  a  resistance  of  E  ohms  during  ono 
eecond. 

The  quantity  of  eleotricity  in  the  condenser  or  cable  at  starting 
is  Q  coulombs. 

If  now  we  take  a  very  short  interval  of  time  I,  we  may  ooo- 
sider  the  discharge,  which  really  varies  continually,  to  flow 
throughout  that  time  t,  at  the  same  rate  as  it  had  at  the  com- 
mencement ;  and  the  smaller  I  is  taken,  the  more  accurate  will  be 
the  result. 

Thus,  since  Ihe  quantity  escaping  is  directly  proportional  to 
ihe  polentiftl  driving  it  out,  and  to  the  time  during  which  the 
escape  occurs,  and  inversely  proportional  to  the  resistance  through 
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which  the  escape  takes  place,  the  quantity  escaping  will  vary  as 

T=: ;  that  is  it  equals  -r^  K, 

where  K  is  a  constant  to  be  determined. 

Now  the  nnits  are  so  made  that  a  condenser  of  1  farad  electro- 
static capacity  charged  to  a  potential  of  1  volt,  that  is,  containing 
1  coulomb  of  electricity,  will  commence  to  discharge  itself  through 
a  resistance  of  1  ohm,  at  the  rate  of  1  coulomb  per  second.  That 
is  to  say, 

1  =  — - —  K,     therefore,     K  =  1. 

The  quantity  escaping  during  the  interval  of  time  t  in  our 

problem  is  therefore 

YJ 

K  ' 

The  quantity  remaining  in  the  condenser  will  be 

Again,  since  this  is  the  quantity  at  the  commencement  of  the 
second  interval,  that  at  the  end  will  be 

[«(-,^a)][0-B^)>«('-Ay- 

and  that  at  the  end  of  the  nth  interval  will  be 

Let  these  n  intervals  of  t  seconds  equal  T,  so  that  nt  =  T, 
Now  we  have  seen  that  the  smaller  t  is,  the  more  accurate  will 
our  results  be.  Let  us  therefore  make  t  infinitely  small,  and  n 
infinitely  great,  so  that  n  t  still  =  T,  we  shall  then  get  a  perfectly 
accurate  result,  and  the  amount  remaining  at  the  end  of  time  T 
will  be 


«=«0-n4R)' 


where  n  =  cx) . 

To  evaluate  q  put 

T  1 

fiFR"  ""  X 


1 
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(BO  that 

a?  =  00  vrlien  n  =  oo  ; 

then 

when  i0  =  00 ;  but  when  this  is  the  ease  the  ezprefldon  within  the 
■qnare  brackets  is  known  to  be  equal  to  6,*  thus 


therefore 


therefore 


but 


Q~ 

T 

:  e 

i* 

T 
FE 

=  log. 

Q 
1' 

F  = 

T 

m 

Rlog. 

9-' 

9 

4 

VF 
eF 

V 

V 

where  v  is  the  value  of  the  potential  oorresponding  to  the  value  q 
of  the  quantity,  thus 

T,.       T  T 

^ v"  V' 

Rlog.~      2 •  303  E  log- 

where,  as  stated  at  first,  T  is  measured  in  seconds,  F  in  farads,  and 
B  in  ohms. 

Since  Y  and  v  now  appear  in  the  form  of  a  proportion,  the  unit 
in  which  they  are  measured  is  immaterial,  although  they  were 
measured  at  the  outset  in  volts. 

In  practice  B  is  usually  measured  in  megohms  (1,000,000  ohms), 
and  consequently  F  will,  in  such  a  case,  be  measured  in  microfarads 

For  example, 

A  fully  charged  condenser  gave  a  discharge  deflection  of  300 
divisions  (V);  after  being  recharged  and  allowed  to  discharge 

*  Todhunier'a  Algebra,  Fifth  Edition,  Chapter  XXXIX. 
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itself  through  a  resistance  of  500  megohms  for  60  seoonds  (T),  the 
discharge  deflection  obtained  was  200  divisions  (o).  What  was  the 
capacity  of  the  condenser? 

60 
F  =  ^fTz  =  '295  microfarads. 

2-303x600  log??? 

383.  In  exeouting  this  test  it  is  adTantageons  to  make  Y  and  v  bear  a  certain 
proportion  to  one  another,  for  this  will  canae  any  small  error  in  reading  the 
value  of  V  to  produce  as  small  an  error  as  possible  in  the  value  of  F  when 
the  latter  is  worked  out  from  the  formula.    This  may  be  proved  thus : — 

Let  ns  assume  B  to  be  constant,  and  let  there  be  an  error  ^  in  F  caused  by 
an  error  8,  in  v  and  an  error  8,  in  Y,  the  error  8,  being  plus  and  8,  minus,  so  that 
the  total  resulting  error  is  as  great  as  possible ;  we  then  have 

T T 

F  +  ^  =  ^ «,    or,  K  =  V  —  « —  ' 


but 


T  T  Y 

F  = y,or,  -  =  Flog.-» 

Blog.- 


therefore 


^  -  ^,       viry  -  F  =  F       -     yzrr^ 

bnt  if  8|  and  8,  are  very  small,*  we  get 

bH). 

log.  — 


A   =   F-  y 


If  the  deflections  are  taken  on  a  Thomson  galvanometer  (as  would  praotioally 
be  always  the  case),  then  8,  =s  8„  so  that  we  get 


8 
A  =  F 


ili+jr) 


log,— 

V 


*  Todhunter's  Trigonometry,  Third  Edition,  Chapter  XII. 
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The  Talne  of  v,  which  makes  X  a  minimum,  may  be  determined  in  the  foDov- 
ing  manner: — 

To  make  X  a  minimum  we  mnst  make 

,       V 

a  maximum. 

Let  the  above  expression  equal  u,  and  let 


V 


we  then  get 


then 


dn 


=  (;ri-iy{<"+^>s-"«'-}=« 

at  a  maximum ;  therefore 


,  n+1 

log.  n  =  -— 


or 


logn  =  (^). 


4843. 


The  solution  of  this  equation  is  best  effected  bj  the  **  trial  **  method,  Tii.  by 
giving  n  varioas  values  until  one  is  found  which  approximately  satisfies  the 
equation.    If  we  make  n  =  3*59,  we  get 


/3-59  +  1\ 
•55509  =  (-375^)  '4843  =  -55527, 


which  is  su£Sciently  close  for  the  purpose. 
We  have  therefore 

V  =  .n,  or,   t,  =  -  =  — , 

y 

so  that  practically  we  may  say — make  v  =  — -  . 

V 

We  need  not  be  particular,  however,  about  making  v  exadly  equal  to  0779 

as  we  could  make  it  50  per  cent,  greater  or  less  than  this  value  without  materially 

increasing  X.    If  the  rate  of  &11  were  comparatively  quick,  there  would  be  a 

V 
positive  advantage  in  making  v  less  than  ^^k »  ^  ^®  greater  we  make  T  the 

loss  will  any  small  error  in  its  value  affect  the  correctness  of  F,  as  must  be  self- 
evident 

Now,  if  B  is  adjustable,  it  is  clear  that  by  making  it  large  enough,  we  oould 
make  T  large  without  reducing  v  too  much.  In  the  case  of  a  cable,  B,  being  the 
insulation  resistance,  is  of  course  a  fixed  quantity ;  but  when  the  measurement  is 
oeing  made  with  a  condenser,  any  value  may  be  given  to  B  that  is  oonaidered 
convenient.    We  therefore  have 
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Best  Conditions  for  making  the  Test. 

y 

384.  Make  v  as  nearly  as  possible  equal  to  ^-^.     When  it  is 

O  '  o 

possible  to  adjust  B,  make  the  latter  as  bigb  as  convenient. 


Possible  degree  of  Accuracy  attainable. 

Percentage  of  accuracy  =  F  ^^^(^1  +^2)  ^ 

2-303 1;  log  — 

If  the  deflections  are  read  on  a  Thomson  galvanometer  (as  would 
usually  be  the  case)  then 

T.         .         i.                      „        200  8 
Percentage  of  accuracy  =  F ^ , 

2-303  i; log-: 

where  S  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
y  and  V  can  be  read. 

385.  When  it  is  an  ordinary  condenser  (whose  insulation  re- 
sistance would  practically  be  infinite)  that  is  to  be  measured,  the 
connections  would  be  the  same  as  those  given  in  Fig.  126,  page  292, 
with  the  addition  of  the  resistance,  which  would  be  inserted 
between  the  terminals  of  the  condenser. 

The  instantaneous  discharge  (Y)  can  be  taken  without  remov- 
ing the  resistance ;  for,  since  the  latter  would  be  extremely  high, 
there  would  be  no  time  for  any  of  the  charge  to  have  leaked  out 
through  it  during  the  small  interval  occupied  by  the  lever  of  the 
key  in  passing  from  the  bottom  to  the  top  contact.  To  take  the 
discharge  after  the  interval  of  time,  having  charged  the  condenser 
by  pressing  down  the  lever  of  the  discharge  key  (Fig.  126,  page 
202),  we  should  depress  the  "  Insulate  "  trigger,  which  would  take 
the  battery  off  but  not  discharge  the  condenser ;  then,  after  the 
noted  interval  of  time,  we  should  depress  the  *'  Discharge  "  trigger, 
which  would  allow  the  charge  remaining  to  flow  out,  the  deflection 
obtained  from  which  gives  us  v. 

386.  To  measure  the  capacity  of  a  cable  by  this  method,  the 
connections  would  have  to  be  those  given  in  Fig.  150,  page  339, 
and  the  way  of  making  the  test  would  be  the  same  as  has  just  been 
explained.  B  in  this  case  would  be  the  insulation  resistance  of 
the  cable,  which  in  this  and  the  following  method  would  have  to 
be  determined  beforehand  in  the  manner  described  in  Chapter  XV., 


3S7.  IT  tbe  twa  teramMk  of  a  bmiIl— ii  an  awiaeotoa  ^'t'^' 
I  In^  icntaae*  w  tW  oiesit  oC  wkkb  a  galnnanetar  is  pliod, 
r  SDd  if  th«  two  tanauMis  bo  alma  wiwrtod  to  »  bMteiy,  titan  Um 
Madcaacr  mQ  IwtMe  charged  mp,  sad  tK«  porMMBect  defleodon 
obtsined  on  Ute  galv«iKin«ter  will  n^nMSt  the  potaatial  of  the 
Aaxgb.  If  uoar  tbe  b»ttaiy  b«  takes  oC  a  eamnt  will  flow  from 
tb  wndenMir  tkioagk  tbe  iiaiiliiini  and  tlw galvukometer,  which 
esmnt  will  aoBliaaallj  decnaMB  in  rtnagth  «s  the  condesaer 
WptJBi  ttod£  Bat  the  caireat  fcwing  at  anj  particalar  momest 
will  be  npreaentcd  hy  the  deSectien  obtuaed  at  that  moineDt,  and 
I  tiua  defleeticB  will  be  the  same  aa  that  which  would  be  obtaioed 
[  if  the  oondeaaer  were  kept  oontinnioaaly  charged  to  the  putenOal 
it  had  at  that  moment. 

The  deflectjon  obtaioed  therefore  on  the  gxlTanometer  when 
the  batter}'  is  connected  to  the  condencer  indicates  the  potential 
which  the  latter  has  when  fally  charged,  and  the  deflection  afliir 
any  interval  of  time  after  the  battery  baa  been  taken  off  indicatea 
.  the  potential  of  the  charge  remaining ;  the  capacity  therefore  ie 
giTeo  by  the  furmnht 


2-303  Blog^ 


mX, 


sW 


'  la  which  D  ia  the  deflection  obtained  when  the  batta^  ii  OB^ 
d  the  deflection  obtained  after  T  eecoode,  tha  battsry  1  ~  _ 
daring  that  time.    B  is  the  resistance  in  m^;ohms  thxao^  wkkb 
the  charge  flows. 

It  may  be  remarked  that  the  deflection  obtained  when  tiha 
battery  is  on  its  not  affected  by  the  pr€«eDce  of  the  condenser ;  it 
would  be  the  bame  whether  the  condenser  were  connected  or  not. 

388.  The  connMstions  for  making  a  test  of  this  kind  would  be 
as  fullows;— Referring  to  Fig.  126,  page  202,  the  terminal  of  K, 
which  is  connected  to  the  top  contact  of  Kj,  should  in  the  preseiit 

»  be  connected  through  the  resiatiince  R  to  terminal  A  of  the 
r;  the  other  connections  remain  the  same. 

88d.  lu  the  ease  of  a  cable  whuie  tbit  tluwiiig  out  of  the  charge 
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takes  place  through  the  insulating  sheathing,  a  galvanometer 
cannot  be  put  in  the  circuit  of  the  flow.  To  enable  the  fall  of 
charge  to  be  observed,  therefore,  a  high  resistance  in  circuit  with 
the  galvanometer  is  connected  to  the  cable,  and  through  this 
resistance  a  part  of  the  charge  passes.  As  it  is  only  the  rate  at 
which  the  fall  takes  place  that  is  required,  it  is  quite  sufficient,  in 
order  to  observe  this  fall,  that  a  part  only  of  the  charge  be  allowed 
to  flow  through  the  galvanometer. 

If  we  call  Bi  the  insulation  resistance  of  the  cable,  and  B.  the 
resistance  connected  to  it,  then  the  total  resistance  through  which 
the  charge  flows  will  be 

Rj^B2_ 
Ki  +  Ba 

This  quantity  must  be  substituted  in  the  place  of  B  in  equation 
[A],  80  that  we  have  * 

T 

2-303  g-^  log  ^ 

The  resistance  B,,  it  may  be  remarked,  includes  the  resistance 
of  the  galvanometer. 

As  in  the  first  test,  it  is  necessary  that  Bj,  through  which  the 
discharge  has  to  pass,  be  sufficiently  great  to  prevent  the  flow 
from  being  too  rapid. 

Far  example, 

A  cable  30  knots  in  length  being  connected  up,  for  making  the 
test  just  described,  with  a  galvanometer,  and  a  resistance  B,,  of  4 
megohms,  the  deflection  obtained  was  300  divisions  (D).  On 
taking  off  the  battery  the  deflection  after  30  seconds  (T)  fell  to 
100  divisions  (d)  ;  the  mean  insulation  resistance  B^  of  the  cable 
was  10  megohms.  What  was  the  electrostatic  capacity  (F)  of 
the  cable  ? 

30 


or 

9-55 
30 


=  '318  m.f.  per  knot. 


390.    The  connections    for   making    this   test    would   be  as 
follows  : — Beferring  to  Fig.  150,  page  339,  the  terminal  of  key 
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[  E],  Instead  of  being  oonnected  to  the  top  contact  of  tbe  diBchiu^ 

I  ley,  would  in  the  present  case  be  oonnected  to  the  cable  tbrongh 

I  the  resistance  B,. 

I  391.  A  great  advantage  which  this  test  possesaea  over  the  first 

methed  (page  338)  lies  in  the  fuct  that  it  is  correct  either  for 
long  or  short  cables.  DiBobarge  defleotiona  from  long  cables  rio 
not  correctly  represent  their  capacity,  in  coneequencc  of  a  ic- 
tardation   which   takes    place    in    them    and   which   causes  lUe 

I  deflection  of  the  galvanometer  needle  tri  be  le^s  than  it  would 
be  if  this  retardation  did  not  exist.  By  adopting  the  fall  of 
deflection  plan  we  avoid  this  cause  of  error;  but  as  we  pointed 
out  at  the  conclusion  of  the  last  lest,  since  R,  can  only  have  a 
mean  value,  the  value  of  F  obtained  from  the  formula  will  only 
be  approximate. 

TnoMsos's  Method. 

3£i2.  Tliia  is  a  very  good  method,  and  it  can  be  applied  to  long 
cables,  &c.,  with  very  accurate  reaulta. 

The  following  is  its  principle  : — 

If  we  have  two  condensers  containing  equal  chaises  of  opposite 
potentials,  and  we  connect  the  two  together,  the  two  charges  will 
combine  and  annul  one  another,  and  if  we  then  connect  the  two 
condensers,  so  juined,  to  a  galvanometer,  no  deflection  will  be 
produced,  there  being  no  charge  left  in  either  of  the  two.  If. 
however,  the  charge  in  one  condenser  exceeds  that  in  the  other, 
then  the  union  of  the  two  oondensars  will  not  entirely  annul 
their  charges,  but  an  amount  will  remain  eqnal  to  the  difference 
of  the  two  quantities.  This  quantity  will  deflect  the  neeille  if 
the  joined  condensers  be  now  connected  to  the  galvanometer,  the 
deflection  being  to  the  right  or  left,  according  as  the  charge  in 
the  one  or  other  of  the  condensers  had  tho  preponderance  in  the 
first  instance. 

If  then  wo  tnow  the  capacity  of  one  condenser,  and  we  so 
adjust  the  poti-ntials  of  the  two  that  no  charge  remains  when  they 
are  joined  together,  we  can  determine  the  cajiacity  of  the  other 
condenser. 

Let  Q,  and  Q,  be  the  charges  in  each ;  then 
Q,:Q,::V,Fj:  V,F^ 

where  Pj  and  F^  are  the  capacities  of  the  two,  and  V,  i 
potential  of  their  obarges. 
When  Qi  =  Q3  then 

V,F,  =  V,F,. 
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or 


Y 

393.  An  important  element  in  this  test  is  the  adjustment  of 
the  potentials  Vj  and  Vj.  Fig.  151  shows  a  method  of  making 
the  test  when  it  is  a  cable  whose  capacity  has  to  be  measured. 

The  poles  of  the  battery  are  joined  together  by  two  resistances, 


Fig.  151. 


1       t_ 


mr 


'£Qj*tn/ 


Hi  and  B2,  connected  to  earth  as  shown.  Then  the  potentials  at 
the  points  of  junction  of  the  battery  with  the  resistances  will  be 
in  the  proportion 

and  since 


therefore 


[A] 


394.  In  making  the  test  practically,  R^  and  Bg  are  first  ad- 
justed as  nearly  as  can  be  guessed  in  the  proportion  of  F,  to  F^, 
keys  ki  and  k^  are  then  depressed  by  means  of  the  knob  K ;  this 
charges  the  cable  and  the  condenser. 

K  is  now  released  so  as  to  allow  k^  and  A^j  to  come  in  contact 
with  their  upper  stops ;  as  the  two  latter  are  joined  together,  the 
cable  and  condenser  become  connected  to  each  other. 

♦  Page  300. 


350 
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Key  k  is  now  preeaed,  whkh  allcnra  aoj  chai^  which  mrf 
■naoMia  imoMieellad  to  be  SmAargai  throngh  tLe  gklTknometer  G. 
If  no  deAeetkn  u  prodnoed,  thea  B^  uid  B,  ftre  wrrectly  adjusted, 
bol  if  not  they  imM  be  nttdjiiBted  imtil  no  diaclwrge  ia  obtained ; 
F,  is  ihea  otknlktod  bam  tba  formnh. 
FartgamfU. 

A  cable  500  knots  long  waa  jmiied  np  with  a  oondeiiMr  of 
20  microfanda  capacity,  and  witli  resistaiioe  coUa,  sooording  to 
TboiDBOD'a  method  of  measnring  electrostatic  capacities.  When 
B,  and  Bi  were  adjusted  to  500  and  4400  ohms  respectlrely,  no 
chsi^  renudned  in  the  cable  and  condensei  when  the  two  wore 
connected  together.    What  was  the  cspacitf  of  the  cable  ] 


500 


•352  m.f.  per  knot. 


^ 


395.  Fig,  152  shows  a  very  convenient  form  of  key,  designed 
by  Hr.  LuDbert,  which  enables  the  test  to  be  made  with  the 
greatest  facility.    By  pushing  forward  key  button  K  the  two  keys 


it  k  (Fig-  151)  are  depressed,  so  that  F,  and  F^  bpcome  charged, 
and  upon  drawing  K  back,  t,  and  i,  are  allowed  to  rise,  thna 
cauwiig  the  charges  to  mix;  finally,  by  depressing  k  the  galvftno- 
meter  is  brought  into  circuit.  .  .       .  , 

In  the  most  recent  form  of  this  piece  of  apparatus,  on  the 
depressioii  of  koy  i  the  cable  F,  \«oomoB  disconnected,  sothat 
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only  the  condenser  F2  becomes  connected  to  the  galvanometer. 
Bj  this  arrangement  any  disturbing  force  which  may  cause  the 
charge  in  the  cable  to  vary  slightly,  and  consequently  to  affect  the 
galvanometer  is  prevented  from  acting. 

396.  If  it  were  the  capacity  of  a  condenser  that  was  to  be 
measured,  then  the  connections  would  be  similar  to  those  in  Fig. 
151,  with  the  exception  that  the  points  there  put  to  earth  would 
in  the  present  case  be  connected  to  the  second  terminal  of  the 
condenser. 

The  resistances  B^  and  B^  may  be  formed  of  a  slide  resistance, 
the  slider  being  to  earth  in  the  case  of  a  cable  test,  or  connected 
to  the  second  terminal  of  the  condenser  in  the  case  of  a  condenser 
test. 

397.  As  in  the  "  Direct  deflection  method  "  (page  338),  the  test 

F 

can  be  considerably  simplified  if  we  make  ^  (equation  [A],  page 

ill 

349)  a  submultiple  of  10,  for  then  the  value  of  Bj  read  off  from  the 

resistance  box  will  at  once  give  the  value  of  F^.     Thus  if  F3  were 

a  condenser  of,  say,  *  5  of  a  microfarad,  and  if  B^  were  5000  ohms, 

then  the  capacity  of  Fj  can  be  read  off  directly  from  Ba  to  four 

places  of  decimals. 

398.  When  a  long  cable  has  to  be  tested  by  this  method  Hr. 
A.  Jamieson  recommends  that  K  be  depressed  for  five  minutes  to 
charge,  and  then  raised  for  ten  seconds  for  mixing  previous  to 
depressing  k.  It  is  also  advisable  to  take  the  mean  of  several 
tests  made  alternately  with  zinc  to  line  and  copper  to  line. 

»  399.  With  regard  to  the  •*  Best  conditions  for  making  the  test " 
it  is  advinable  that  the  capacity  of  the  condenser  F,  be  as  nearly 
equal  to  F^  as  possible,  so  that  the  potentials  to  which  the  two 
have  to  be  charged  may  not  diffiar  to  any  very  great  extent.  For  if 
a  long  cable  has  to  be  tested,  then  inasmuch  as  the  latter  would 
have  to  be  charged  to  a  potential  of  at  least  5  Daniells  so  as  to 
swamp,  as  it  were,  any  local  charge,  the  potential  to  which  the 
condenser  (if  small)  would  have  to  be  charged  would  be  very  great; 
this  would  be  liable  to  cause  an  error,  from  the  fact  that  with  a 
very  high  potential  a  certain  amount  of  the  charge  becomes 
absorbed,  and  this  charge  would  cause  a  deflection  of  the  galvano- 
meter needle  over  and  above  that  due  to  the  simple  inequality 
between  the  actual  free  quantities  in  the  two  capacities.  This 
abnormal  deflection  might  of  course  be  mistaken  as  being  due  to 
an  incorrect  adjustment  of  B^  and  B2.  If  F,  is  about  a  fifth  of  F^ 
it  will  ndt  be  toD  small  for  the  purpose  of  the  test. 

The  values  given  to  B^  and  Bj  should  be  as  high  as  possible  so 
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] 


that  their  raoge  of  adjustment  may  be  soffioiently  wide.  The 
battery  power  should  be  sufficiently  high  to  enable  a  perceptibU 
discharge  deflection  to  be  obtained  when  B^  (the  larger  of  the  two 
resistances)  is  1  unit  out  of  exact  adjustment ;  this  is  best  deter- 
mined by  experiment. 
We  have  therefore 

Best  Conditiona  for  making  Ae  TesL 

400.  Make  F^  as  nearly  equal  to  F^  as  possible. 
Make  B^  and  B,  as  high  as  possible. 

Posnble  Degree  of  Accuracy  atUdndble. 

100 


Percentage  of  accuracy  = 


Gott's  Method.* 


B, 


401.  This  method  is  shown  by  Fig.  153;  it  is  executed  as 

follows : — 

FiQ.  153. 


R^  and  Bj  are  first  adjusted  as  nearly  as  can  be  estimated  in 
the  proportion  of  F^  to  F,.  The  key  K  is  then  depressed  and 
clamped  down ;  this  causes  both  the  cable  and  condenser  to 
become  charged,  since  they  are  connected  together  in  *'  cascade." 

*  *  Jonmal  of  the  Society  of  Telegraph  Engineen,'  toI.  z.  p.  278.  Thui 
method,  although  independently  devised  by  Mr.  J.  Gott,  is  practically  identical 
with  that  of  Sir  William  Thomson  described  in  vol.  i.  p.  897,  of  the 
Journal. 
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After  an  interval  of  five  seconds  key  h  is  depressed,  and  if  a 
deflection  is  observed  on  the  galvanometer  G,  this  key  is  raised, 
key  K  is  nndamped  so  that  the  latter  is  put  to  earth,  and  the 
condenser  is  short  oircnited  by  means  of  its  plug  for  a  few  seconds. 
Bi  or  R,  is  now  readjusted,  and  the  foiegoing  operations  again 
gone  through.  When  finally  it  is  found  that  no  deflection  on  the 
galvanometer  is  observed  on  depressing  key  &,  then 

Fi  :  F,  :  :  Ba  :  El, 
or 

_       Raw 
Fi  =  g^F,. 

It  is  obvious  that  we  must  have 

Best  Candiiiansfar  mMng  the  Test. 

402.  Make  Fs  as  nearly  equal  to  F^  as  possible. 
Make  B^  and  B^  as  high  as  possible. 

Possible  Degree  of  Aceumcy  attaifuible. 
Percentage  of  accuracy  =  —  . 

Gott's  method  is  a  very  satisfactory  one,  and  it  possesses  the 
advantage  over  that  of  Thomson  (page  348)  of  not  requiring  a 
well-insulated  battery.  The  method  is  almost  exolubively  em- 
ployed in  the  Cable  Department  of  Messrs.  Siemens'  Telegraph 
Works,  Charlton,  a  slide  resistance  of  10,000  ohms  adjustable  to 

1  ohm  being  employed  to  give  the  ratio  ^ . 

Muirhead's  Correction  for  Gott's  Method. 

403.  Dr.  A.  Muirhead,  who  has  had  considerable  experience 
of  the  Gott  method  of  measunng  capacities,  especially  with 
reference  to  the  measurement  of  large  condensers,  points  out 
that  when  a  condenser  or  cable  which  is  subject  to  absorption 
or  electfification  (§  437,  p.  386)  is  being  measured,  any  delay  in 
obtaining  a  balance  or  reading  on  the  slides,  causes  incorrect 

\  results  to  be  obtained,  since  the  efiect  of  the  electrification  is 
apparently  to  increase  the  capacity,  according  to  the  time  the 
electrification  is  allowed  to  continue. 

In  order  therefore  to  obtain  the  true  capacity  of  a  condenser 

2  A 
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or  cable  which  is  liable  to  this  abBorption  or  eleolrifioatiaat^ 
correction  is  required.  To  arrive  at  this  correction  it  is  assoind 
(and  probably  correctly  so)  that  the  actual  capacity  of  tlw 
condeuser  or  cable  changea  aa  the  current  is  kept  on,  but  thkt 
when  the  charging  battery  is  takeu  off  the  capacity  immediately 
springs  back,  aa  it  were,  to  its  true  value,  the  potential  of  the 
charge  remainiug  unaltered  through  a  corresponding  poi-tion  of 
the  charge  being  reabsorbed,  thb  reabsorbed  charge  immediatdy 
afterwards  oozing  out- 
Assuming  the  foregoing  assumption  to  be  correct,  the  correctioii 
required  is  arrived  at  as  follows : — 

Balance  being  obtained  on  the  galvanometer  (Fi^  1^3),  l«t 
fi  be  the  potential  at  the  junction  of  F^  and  Fj,  that  is  at  the 
key  (k)  contact,  and  also  at  the  junction  of  R,  and  R, ;  ihea  the 
quantity  of  charge  in  the  condenser  F,  (in  which  no  absorption 
must  take  place  •)  ia  (V  —  v^)  F^,  V  being  the  potential  at  the 
junction  of  R,  and  the  condenser. 

Now  if  at  the  moment  balance  is  obtained  on  the  galvanometer 
we  disconnect  the  condenser  from  R,  and  connect  it  to  earth,  then 
the  charge  in  F,  will  combine  with  the  charge  in  F„  and  if  these 
two  charges  wore  equal,  as  would  be  the  case  if  there  were  no 
absorption,  that  is,  if  F,  were  the  true  capacity  of  the  cahle,  the 
combination  would  clear  Iwth  cable  and  condenser  ;  but  inasmuch 
as  there  is  absorption  in  the  cable,  then  at  the  moment  F,  ia 
disconnected  from  R^,  and  the  battery  is  consequently  also  dis- 
connected, the  capacity  of  the  cable  springe  back  to  its  true  value 
F,  and,  a  corresponding  part  of  its  charge  being  reabsorbed,  the 
total  charge  in  Fi  is  less  than  it  was  before.  When  therefore  the 
condenser  and  cable  become  connected  together  as  explained,  the 
combination  of  the  charges  does  not  produce  neutrality,  but  leave* 
a  smHll  charge  in  the  combined  capacities,  which  charge  is  of 
course  equal  to  that  reabsorbed  by  F„  being  the  excess  of  the 
charge  in  F^  over  that  in  the  cable.  The  combined  capacities  of 
F,  and  Fj  being  F,  +  Fj,  let  Bj  be  the  potential  of  the  charge 
remaining,  then  the  quantity  of  this  charge  will  be 

».  (F,  +  r,,), 

and  this  must  be  equal  to  the  difference  hetween  the  charge  in  F,, 
that  is  (T  -  D,)  F,  and  the  charge  in  Fj.  that  is  p,  F,.  We  have 
Uien 

".  (Fi  +  F>)  =  (V  -  p,)  F,  -  t.,  P,. 


A  mica  oondeuier  ($  311,  page  287)  is  ncoeuary  tor  this  la  be 


J 
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therefore 
therefore 

that  is 

'       t;,  +  r. 

In  order  to  be  able  to  make  use  of  the  formnla,  we  require  to 
know  the  valne  of  Vj  in  terms  of  the  slide  resistance  B^  +  B,, 
since  V  and  v^  are  respectively  represented  by  B^  and  Bj.  The 
determination  of  V2  may  be  effected  as  follows : — 

Immediately  after  balance  has  been  obtained  on  the  galvano- 
meter,  the  connection  of  the  latter  on  to  the  resistances  is  shifted 
to  the  extreme  left  of  B^,  the  condenser  connection  to  B,  is  discon- 
nected from  the  latter,  and  put  to  earth,  and  the  galvanometer  key, 
kj  is  depressed ;  this  causes  the  residual  charge  in  the  condenser 
and  cable  to  discharge  through  the  galvanometer,  producing  a 
throw  of  a  divisions ;  the  key  being  raised  again,  the  galvanometer 
connection  is  now  shifted  from  the  end  of  B^  to  a  distance  of,  say, 
r  ohms  to  the  right ;  the  key  k  is  again  depressed,  causing  a  charge 
of  a  potential  corresponding  to  the  resistance  r,  to  charge  the  cable 
and  condenser,  and  to  produce  a  throw  of  p  divisions.  The  required 
value  of  ©2  will  then  obviously  be 

a 

Hence,  since  Rj  +  Bj  corresponds  to  Y,  B^  to  o,,  and  r  -3  to  Ojt  ^0 


get 


fi 


Ei  +  B,-(B,+r»)  B,-r» 

Ri  +  r^  ^i  +  y 

For  example. 

Balance  was  obtained  by  making  B^  =  2000,  and  B^  =  8000. 
On  shifting  the  galvanometer  connection  to  the  end  of  Bi  and 
putting  the  condenser  connection  to  earth,  as  explained,  a  throw  of 
80  divisions  (a)  was  observed  when  k  was  depressed,  k  being 
raised  again,  the  galvanometer  connection  was  moved  a  distance 
of  10  ohms  (r)  to  the  right ;  on  depressing  k  a  deflection  of  200 

2  1.^ 
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diTi»ioiiB,  p,  was  obseryed.     The  capacity  of  F^  boiDg  10  mlcKH 
farada,  what  was  the  apparent  and  the  oorrocted  capacity  of  F,  ? 


Apparent  capacity  =  IO20OO 
Connected  capacity  =  10 

=  10 


8000  -  4  _  79960  _ 
■    2000  +  4  "    2004 


=  40  microrarEule. 

°°°°-'°2Hi 
2000  + 10 -«° 

Sd'O  microfarads. 


mi(^»       I 

I 


404.  In  order  that  the  correction  may  be  properly  effected,  it  is 
very  necessary  that  all  the  operations  mentioned  be  carried  out 
coie  after  the  other  as  quickly  as  possible,  otherwise  the  absorbed 
charge  will  ooze  out  and  falsify  the  results ;  a  special  form  of  key 

therefore  required  for  the  test.  With  the  key  deaigned  by 
Mr.  Saunders,  and  shown  in  general  view  by  Fig.  154,  all  the 
requirements  ore  satisfied.  The  way  in  which  the  connections  are 
made  for  the  test  is  shown  by  Fig.  15^. 


r 


The  manipulations  for  carrying  out  the  test  are  as  foIlowB  t- 
Ist.  K,  is  pressed  down;  this  by  means  of  a  rucking  piece  h 

raises  key  E^  to  its  top  contact.     Under  these  conditions  both  tbe 

cable  and  condenser  are  put  to  earth  (through  the  galvanometer), 

thereby  rendering  both  neutral. 

2nd.  E,  is  pressed  down ;  this  causes  Ej  to  be  raised  to  it«  top 

contact.    The  cable  and  condenser  are  now  joined  up  as  in  Fig.  153; 

the  slider  of  the  resistances  B,  It,  la  then   adjusted    until  the 

equilibrium  position  is  obtained,  i.  e.  until  no  deflection  is  observed 

when  key  it  is  depvessed. 


MKASURrXKST  OT  TSJRmKtf^mnT  CA^mlTm 


3rd. 
moved  to  A,  and  K^ 
and  condenaer  to 
down ;  this  caans  tke 
to  discbarge 


31.  'Sit  aliiis-  Biifl  mmrwMEg 


hhhH 


4tli.  The  slider  t  is  moved  back,  saj,  a  diatanoe  of  10  obms, 
tbat  is  to  a,  and  K^  being  raiaed  k  is  depreased;  ibis  caoaes  a 
back  rosb  into  tbe  cable  and  condenser  tbrongb  tbe  galvanometer, 
producing  a  tbrow  wbicb  gives  fi. 


Divided  Charge  Method. 

405.  If  a  cbarged  condenser  bas  its  two  terminals  connected  to 
tbe  two  terminals  of  a  second  condenser,  wbicb  contains  no  cbarge, 
tben  tbe  cbarge  will  become  distributed  over  tbe  two ;  and  if  tbe 
condensers  be  tben  separated,  tbe  quantities  beld  by  tbem  will  be 
directly  proportional  to  tbeir  respective  capacities.  Tbus,  if  Q, 
be  tbe  cbarge  contained  in  a  condenser  wbose  capacity  is  Fj,  tben 
if  it  is  connected  to  a  condenser  or  cable  wbose  capacity  is  F^, 
tbe  quantity  Q  wbicb  will  remain  in  Fj  will  be 

^"^^ft+t:/ 
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From  this  we  get 

p,  =  F,Q^.  [A] 

If  therefore  Q,  ^  the  discharge  obtaiiied  from  a  oondenaer  F^ 
when  fnll,  and  Q  the  discharge  obtained  from  it  when,  after 
being  charged  frx>m  the  same  battery,  it  is  connected  for  a  few 
seconds  to  F|,  then  the  capacity  of  F^  is  given  by  the  above 
formula. 

For  example. 

A  condenser  of  ^  microfarad  capacity  (F,),  when  folly  charged 
gave  a  discharge  of  800  (Q2)-  After  being  recharged  and  con- 
nected a  few  seconds  to  a  piece  of  cable  whose  capacity  F^  was 
required,  the  quantity  of  charge  remaining  gave  a  discharge  of 
140  (Q).    What  was  ike  capacity  of  the  piece  of  cable? 

^       ,       300-140         ^^,      ^ 
Fi  =i  X  — jjg —  =  -381  nuf. 

406.  The  capacity  which  the  oondenaer  F,  should  have  in  order  that  the  teet 
may  be  made  as  accurately  as  possible,  may  be  thus  atriyed  at : — 

Let  there  be  an  error  X  in  F,  caused  by  an  error  —  5  in  Q  and  an  error  +  5 
in  Q»  so  that  A.  is  as  great  as  possible ;  we  then  have 

but  we  know  that 

F,  =  F,      Q-    ,    or,    F,  =  F,  q^  _q ; 
therefore 

F,  +X-F,  q^_qX         q_3        ; 

that  is 

or,  since  8  is  a  very  small  quantity,  we  may  say 

(Q,-Q)Q'  L^J 

We  have  then  to  find  the  yalue  of  Q  which  makes  X  as  small  as  poMible. 
Now 

(Q.  -  Q)Q  -  q;  \~W~ + Q,  -  Q  +  ^  /  = 
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and  to  make  the  latter  expression  as  small  as  possible  we  must  make 


L^     Q,  -  QJ 


as  small  as  possible ;  that  is  to  say,  we  must  make 

or 

therefore 

Qv"2  =  Q,-Q. 
or 

Q(V"2+  1)  =  Q,; 

that  is 

Q-       Q«      _    _Q._ 
V"2  +  l~2-4142' 

It  was  pointed  out,  however,  in  a  similar  inyestigation  which  we  made  in 
(§  120,  page  116),  that  practically  we  may  say,  make — 

Q  =  ^. 

or,  in  other  words,  the  capacity  of  F,  should  be  such  that  when  it  is  connected 
to  F,  it  should  lose  two-thirds  of  its  charge.    Ttiis  is  obtained,  of  course,  by 

F 

making  F,  equal  to  ^  • 

407.  The  connections  for  the  practical  execution  of  the  test 
would  be  very  similar  to  those  shown  in  Fig.  126,  page  292,  but 
the  condenser  or  cable  under  trial  would  be  substituted  in  the 
place  of  the  battery.  When  it  is  a  cable  whose  capacity  is  being 
measured,  then  terminal  B  would  be  put  to  earth,  and  the  wire 
shown  as  leading  from  B  to  the  battery  would  be  removed.  The 
test  would  then  be  made  in  the  following  manner : — 

Key  E2  being  pressed  down  so  as  to  hitch  on  the  *•*•  Insulate  " 
trigger  (Fig.  126,  page  292),  the  condenser  C  would  be  charged 
by  touching  the  terminals  A  and  B  with  the  wires  from  the  two 
poles  of  the  battery.  The  "  Discharge  "  trigger  of  the  key  then 
being  depressed,  the  discharge  Q^  is  noted.  The  key  then  being 
again  placed  at  *'  Insulate,"  and  the  condenser  again  charged  up 
by  the  battery,  the  key  would  bo  pressed  down  on  to  its  bottom 
contact ;  this  puts  the  coudeuser  C  in  connection  with  the  trial 
condenser  or  cable.  The  '*  Discharge  "  trigger  then  being  pressed, 
the  discharge  Q  is  noted. 

The  **  Divided  Charge  "  method,  like  that  of  Thomson  or  Gott, 
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is  very  accurate  wliou  employed  for  meastiring  the  capacity  offl 
cables. 

Best  Cmiditions  for  mahrng  the  Test. 

V 

408.  Make  F,  as  nearly  equal  to  —  us  possible. 

FossSiU  Degree  of  Accuraei/  atloinable. 
From  equation  [B]  (page  358)  it  follows  that 

lOOCQ, +  Q)S 


where  S  is  the  fraction  of  a  division  to  wbicb  each  of  the  < 
tioDB  Q  and  Q^  oao  be  read. 

409.  By  a  modification  of  the  foregoing  method,  due  to  Dr. 
Siemens,  a  comparatively  small  condenser  may  be  ased  for  meaanr- 

ting  the  capacity  of  long  cables,  or  of  coudensorij  of  high  capaoi^^S 
It  may  be  called  ^^H 

SlEUESS'   DlMIHlSUCU   CllAKUE  MctUOD. 

If  we  connect  a  oondenaer  to  a  charged  cable,  the  latter  loses 
the  amount  which  the  condenser  takes  up,  and  if  the  coudoneer  be 
discharged  and  then  again  connected  to  the  cable,  and  again  dis- 
charged, and  this  procoae  be  repeated  several  times,  the  quantity 
in  the  cable  can  be  definitely  diminished  as  mncb  as  we  like.  Th« 
quantity  removed  each  time,  however,  is  not  the  same,  but  becomes 
less  and  less  after  each  discharge. 

Let  Qi  be  the  quantity  contained  in  the  condenser,  and  Qj 
quantity  contained  in  the  cable,  when  the  two  are  charged 
from  the  same  battery.    Then 

Q, :  Q,  : :  F., :  F,. 


I 


'¥., 


,1    kUB  I 

1  A^ 


SuppOHiug  now    the    cable    to    l>e    completely  charged,   and 
battery  taken  oft',  and  the  condenser  to  be  empty,  then  on  con- 
necting the  eondenser  to  the  cable,  the  charge  the  former  will 
will  be 

O    _^-'       -O   ?' 

^'F,"+F,      '"  f;  "  l\  +  V, 


1 


MEASUKEMENT   OF   ELECTROSTATIC   CAPACITY.  361 

whilst  the  quantity  remaining  in  the  cable  will  be 


Qi 


F, +  P, 


On  discharging  the  condenser  and  connecting  it  a  second  time  to 
the  cable,  the  charge  it  will  take  will  be 

^'  Fj  +  Fa  ^  Fi  +  Fa       ^'  Fa  ^  Fi  +  Fa  ^   FT+FT  " 


^'(ft+f;)  ' 


consequently,  after  the  nth  application,  the  charge  Q  it  will  take 
will  be 


therefore 


from  which 


F.    _yQ 

F,  +  F,      V  Q»' 


F.  =  F,-VQ F 


For  example. 


V~Q2-VQ       yOi-i 


A  condenser  of  1  •  0  microfarad  capacity  (Fj),  when  full,  gave 
a  discharge  equal  to  300  (Qa).  A  cable  whose  capacity  was 
required  was  charged  from  the  same  battery  which  was  employed 
to  charge  the  condenser.  The  latter  was  then  alternately  con- 
nected to  the  cable,  removed  and  discharged  16  times  (n);  on  the 
sixteenth  occasion  the  discharge  was  noted,  and  it  was  found  equal 
to  83  (Q).     What  was  the  capacity  of  the  cable  ? 

Fi  =  ^-^ =  11-97  m.f. 


i«/3()0  _ 
V    83 


1 

83 

410.  In  order  to  make  this  test  as  accurately  as  possible  when 
it  is  applied  to  a  cable,  the  repeated  charges  and  discbarges  must 
be  made  with  as  little  loss  of  time  as  possible,  as  during  that  time 
a  leakage  of  the  charge  will  bo  going  on  through  the  insulating 
sheathing  of  the  cable  ;  the  accuracy  of  the  test  depends  upon  this 
leakage  being  nothing,  or  at  least  very  small. 
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411.  The  oonneetions  for  making  the  teet  would  be  siHiilarto 
those  employed  in  the  foregoing  one,  and  the  practioal  execntioi 
would  be  the  same  with  the  exoeption  that  the  trial  oondenser  or 
cable,  and  not  the  standard  condenser,  would  be  charged  fo)m  the 
battery,  and  in  taking  the  repeated  discharges  the  galvanometa 
would  have  to  be  short  circuited. 


Besi  Conditions  far  making  the  Test. 

•  5552372 
412.  Make  n  equal  to ^ —    _    ,  approximately.* 

*  This  may  be  proved  aa  follows : — 

In  order  to  detennlBe  Fi  M  aoouratelj  as  poasihle  from  the  eqaatioD 

F,  = jS. .   ihatis.  F,  = ^~ , 

WO  must  determine  (  5  )  "  ^  aocnrately  as  possible. 

Let  (  —  V  equal  >,  and  lot  there  be  a  small  plus  error  8  in  Qt^  and  a  small 
minus  error  5  in  Q,  and  lot  there  be  a  corresponding  error  Xi  in  A,  that  is^  let 


*  +  ^i  =  (Q74.a)"j 


theruforo 


therefore 


but  since  8  is  very  small,  we  get 

A,  _  * J —y — -—f. 

0." 
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To  make  Xj  a  minimum  we  muat  make — —  a  minimum. 


Let 


u  =  hzi±l. 


Uien 


l^i  ^  i  [  -  n  *  -  •  lege  ik  -  (/c  -  +  1)]  =  0 
d  n      fit 


at  a  minimum ;  therefore 


or 


or 


+  1  +  fc-  =  0, 
vlog.  fc-  +  1  +  ^  =  0, 
log  fc-  +  (1  +  k»)  -4348  =  0. 


The  Bolution  of  this  equation  maj  be  obtained  by  the  **  trial"  method,  Le. 
giving  k*  various  values  until  one  k  finiBi^  which  approximately  satisfies  the 
equation.  If  we  make  k*  equat-to  •87846  the  equation  will  be  very  nearly 
aatisfied,  for 

log  -27848=  1- 4447628  =  -  -5552872 


and 


Now 


therefore 


(1  +  -27846)  -4343  =  5552352. 
(S?)i-1  ^*  ^^^       * 


henoe 


log  -27846       -  -5552372  -5552372 

n  =  — 2 — =    S5 S     rsi 

F,  X  F,         "F 


log^ii^  log  ^^."  log  (^y 


For  exampU. 

It  being  required  to  measure  the  exact  electrostatic  capacity  of  a  cable 
whoee  capacity  was  12  microfarads  (F,)  approximately,  a  condenser  of  1  micro- 
fiirad  (F,)  was  used  for  the  purpose.  How  many  times  should  the  condenser  be 
applied  to  the  cable  in  order  that  the  test  may  be  made  with  the  greatest  chance 
of  obtaining  an  accurate  result? 


n  = 


-5552372  _ 


5552372 
0347622 


=  16. 
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Pa9$%ble  Decree  af  Aeemrmof  •ftomoWf. 

Percentage  of  accuracy  =  ~  *  — ,         t —  ^  ^t 

"   Q(Q,--a=) 

where  5  is  the  fiuetion  of  a  diYiskm  to  which  each  of  the  defleetionB 
Q  and  Q,  can  be  read. 

413.  It  may  be  remarked  that  when  a  cable  is  tested  for 
electrostatic  capacity  at  the  fistctory,  it  la  immaterial  whether  the 
test  be  made  by  charging  the  cable  pomtiYely  or  negatrvely ;  but 
in  the  case  where  the  cable  is  laid,  it  is  adviaable  to  make  two 
tests  (or  sets  of  tests),  one  with  a  pomtiye  and  the  other  with  a 
negative  charge,  and  to  take  the  arithmetic  mean  of  the  two 
results.  It  is  rarely,  however,  that  the  two  latter  differ  to  any 
material  extent. 


(    365    ) 


CHAPTER  XIV. 

THE  THOMSON  QUADRANT  ELECTROMETER. 

414.  This   is  a    most    valuable   and  useful    instrument    for 
accurately  measuring  potentials. 


FiQ.  156. 


Descrtption. 

Fig  157  (page  366)  gives  a  general  view  of  the  instrument. 

In  the  small  figure  to  the  right,  n  n  is  a  thin  needle  of  sheet 
aluminium,  shaped   like  a  double  canoe-paddle.     It    is  rigidly 
fixed  at  its  centre  to  an  axis  of  stiff  platinum  wire  k  (Fig.  156) 
in  a  plane  perpendicular  to  it.     At  the  top  end  of 
the  wire  a  small  cross-piece  t  is  fixed,  to  the  ex- 
tremities of  which  single  cocoon  fibres  are  attached. 
These  fibres  are  fixed  to  small  screws  c  and  c2,  by 
the  turning  of  which  the  length  of  the  former  can 
be  altered.     The  small  screws  a  and  h  enable  the 
screws  c  and  d  to  be  shifted  either  to  the  right  or 
left.     Finally,  by  turning  e,  the  screws  a  and  h  can 
be  parted    more   or   less,  thereby  separating  the 
threads  of  suspension,  and  rendering  the  tendency 
of  the  needle  to  lie  in  its  normal  position  more  or 
less  powerful. 

A.  little  below  the  cross-piece  t  is  fixed  the  mirror 
m,  whose  movements  are  reflected  on  a  scale,  as  in 
a  Thomson  galvanometer  (page  47).     The  platinum 
wire  below  the  mirror  passes  through  a  guard  tube,  /, 
(Fig.  157)  to  prevent  any  great  lateral   deviation  of  the  needle 
and  its  appendages,  which  might  cause  damage  should  the  instru- 
ment receive  any  rough  usage.     The  guard  tube  itself  is  fixed  to 
the  framework  from  which  the  needle  is  suspended. 

It  will  be  seen  in  the  figure  that  the  needle  is  suspended, 
apparently,  beneath  four  quadrants  (g).  A,  B,  C,  and  D.  There 
are,  however,  four  quadrants  also  below  the  needle,  united  to  the 
top  ones  at  their  circumferences.  The  arrangement  is  in  fact  a 
round,  flat,  shallow  box,  cut  into  four  segments. 
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segments  are  connected   together  bj  i 


The  alternate   i 
I  sliown  in  the  fignre 

Now,  if  the  needle  ib  electrified  and  the  quadrants  ore  in  their  1 
[  normal  unelectrified  condition,  and  are  placed  Bytnmetricallj  wiili 
■ence  to  it,  no  effect  will  be  produced  on  the  needlo.     That  ii 
'  to  say,  the  spot  of  Ught  on  the  scale  will  be  etationary  exactir  at  I 
'i  the  oentre  line. 

Pro.  157. 


Bnt  if  the  quadrant  D,  and  conseqnently  A,  be  electrified,  then 
an  attraction  or  repiilaion  will  be  exerted  on  the  needlo,  caasing  it 
to  turn  through  an  angle  proportional  to  the  potential  of  the 
electricity. 

As  the  angular  movomentB  are  very  email,    the  number  of 
'    divifiions  of  deflection  on  the  scale  will  directly  represent  the 

degree  of  potential  which  the  quadrants  poaaees. 
I  We  can  also  connect  anotljer  electrified  body  to  C  and  B  ;  the 

needle  will  then  move  under  the  influence  of  both  forces. 
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To  render  the  instrument  of  practical  value,  several  conditions 
must  be  assured. 

Let  us  suppose  the  needle  to  be  electrified. 

Wo  stated  that,  at  starting,  the  raj  of  light  should  point  to 
the  centre  line  on  the  scale.  To  ensure  this,  the  quadrants 
must  be  symmetrically  placed.  This  can  be  roughly  done  by 
band,  as  means  are  provided  for  enabling  the  quadrants  to  slide 
backwards  or  forwards,  and  to  be  fixed  by  means  of  small  screws, 
shown  in  the  large  figure.  For  obtaining  the  final  positions,  one 
of  the  quadrants  (B)  is  provided  with  a  micrometer  screw  (^), 
which  enables  a  fine  adjustment  to  be  given  to  it. 

We  must  also  have  means  of  keeping  the  needle  at  one  uniform 
potential  for  a  considerable  time. 

The  needle  itself  could  only  contain  a  very  Ismail  amount  of 
electricity,  and  a  slight  escape  of  this  would  seriously  lower  the 
potential,  and  make  comparative  measurement  useless;  for  it  is 
evident  that  the  whole  principle  of  the  instrument  depends  upon 
the  potential  of  the  needle  remaining  constant  during  the  time  a 
set  of  experiments  are  being  made. 

To  get  oyer  this  di£Bcnlty  a  large  glass  jar,  like  an  inverted 
shade,  is  provided,  partially  coated  with  strips  of  tin-foil  (f) 
outside.  Inside  the  jar,  to  about  a  third  of  its  height,  strong 
sulphuric  acid  is  placed.  This  answers  a  three-fold  purpose. 
It  enables  the  air  inside  it  to  be  kept  quite  dry,  thereby  very 
perfectly  keeping  those  parts  insulated  which  require  to  be  so; 
secondly,  it  holds  a  charge  of  electricity  (acting  as  the  inner 
coating  of  the  jar);  and  thirdly,  it  allows  the  charge  to  be 
communicated  to  the  needle  without  impeding  its  movements. 
This  latter  is  effected  by  means  of  a  fine  platinum  wire,  which  is 
attached  to  the  lower  end  of  the  thick  wire  which  supports  the 
needle  and  mirror. 

The  fine  wire  dips  into  the  acid,  whose  charge  is  thereby 
communicated  to  the  needle. 

To  keep  this  wire  from  curling  up  out  of  the  acid,  and  also  to 
steady  the  movements  of  the  needle,  a  small  plummet  of  platinum 
is  attached  to  the  end  of  the  wire,  as  will  be  seen  in  the  figure. 

A  thick  platinum  wire,  fixed  to  the  lower  extremity  of  the 
guard  tube  <,  and  reaching  nearly  to  the  bottom  of  the  jar,  is  for  the 
purpose  of  enabling  the  latter  to  be  charged,  in  a  manner  to  be 
explained. 

So  far,  the  jar  answers  the  purpose  of  keeping  the  needle  supplied 
with  electricity ;  but  although  this  may  prevent  the  potential  from 
falling  very  rapidly,  it  will  not  prevent  its  doing  so  entirely. 


I  or  ELECTWICAt.  -nXTDTG. 


IV  gjlwill  IF. 

415w  As  the  iattawmmt  ii  extiHMlj  aokstiTe  to  rery  ali^t 

aae^of  jctortkl,  w»»eo«ttB  teqciateliy  whidt  ad^  mbmO 

(]»■  an  be  ovly  aandied  witkuBt  tlten  being  knyiear  of  pnttiiig 

IB  too  IMlBflli 

TUiia  Abated  tyBwus  of  the  "  nfiemJAfr,"  whcae  |>riad|ile 
■«7  be  ezplkiiied  by  the  help  of  the  muU  cat  to  the  left,  ii 
Rg.  157. 

A  and  B  u«  two  oarred  awtal  Aiddo.  one  of  which  (ny  A)  it 
wnecled  to  the  wad  in  the  jar,  mad  the  other.  B,  to  the  fnmevtak 
■flf  the  iMUweut,  aad  thningfa  it  to  the  foil  ooteide  the  jar. 

t  aai  h  an  two  netal  win^  msaleted  ban  ooe  ftuother  In-  a 
^nell  hu  of  ebonite,  which  m  centred  at  «,  eo  that  it  tams  in  a 
plane  repnecBted  hj  the  paper.  The  qnadle  is  repnseoted  in  tha 
large  fignze  hy  a,  other  parts  beie^  omitted  for  sinipiicity.  i 

It  wiU  be  obaerred  that  the  wings  cnrre  ootwards.     Thii  k    { 
dooe  in  order  that  they  may  make  a  abort  contact  in  their  rertdn- 
tion  with  aprioge  ce  and  ee.     e  and  e  are  connected  together  pei^ 
maneiitly,  bat  are  insulated  from  the  rest  of  the  apparaioa.     e  and 
e  are  conntcted  to  the  shields  A  and  B  respectiTely. 

Now  let  ns  Euppoee  the  wings  to  be  rotated  in  the  t«rene 
direction  to  that  in  which  the  hands  of  a  watch  turn. 

As  BOOD  as  the  left-hand  wing  comee  in  contact  with  the  apring 
e,  at  the  lower  part  of  the  figore,  the  ri^t-hand  wing  comes  in 
ooDtact  with  the  other  spring.  The  two  wingB  being  thna  oon- 
Dec^ted  together,  and  tinder  the  inflttenoe  of  the  shields,  the  elec- 
tricity in  A,  which  we  will  call  pneitive,  draws  negative  electricity 
to  the  wing  cloee  to  it,  and  drives  the  positive  to  the  other  wing. 

On  being  rotated  a  little  farther  the  wings  clear  the  springs, 
and  being  tbns  disconnected,  each  retains  its  charge. 

Continuing  the  rotation,  the  right-hand  wing,  which  had  the 
positive  charge  communicated  to  it,  comee  in  contact  with  the 
spring  e  of  shield  A,  and  the  charge  is  communicated  to  the  jar, 
the  negntiye  electricity  in  like  manner  on  the  other  wing  rnnning 
to  ibe  outer  coating  of  the  jar.  The  shields  are  now  in  a  neutral 
oondition,  as  at  first,  and  on  continuing  the  rotation  the  prooees  is 
repeated. 

Thus  every  turn  increases  the  potential  of  the  charge  in  the 
id  by  continuing  the  rotation  we  can  augment  this  as  much 


U  we  ploa 

By  reversing  the  motion  we  ( 
require  to  do  bu. 


nisi)  the  charge,  it'^^H 
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The  axis  of  the  replenisher  projects  above  the  main  cover,  and 
is  easily  turned  bj  the  finger. 

The  Gauge, 

416.  But  we  still  require  some  arrangement  by  which  we  can 
see  whether  we  have  kept  the  potential  constant.  This  is  done 
by  means  of  a  small  *'  gauged* 

The  gauge  consists  of  two  metallic  discs  having  their  planes 
parallel  and  close  to  each  other.  The  lower  of  these  planes  which 
will  be  seen  dotted  at  the  upper  part  of  the  figure,  is  in  electrical 
connection  with  the  acid  of  the  jar  from  which  it  takes  its  poten- 
tial. The  upper  disc  is  perforated  with  a  square  hole  immediately 
over  the  centre  of  the  lower  disc. 

A  light  piece  of  aluminium,  shaped  like  a  spade,  has  the  part 
corresponding  to  the  blade  fitting  in  this  square  hole.  At  the 
point  where  the  handle  would  be  joined  to  the  blade  this  spade  is 
hinged,  by  having  a  tense  platinum  wire  fixed  to  it,  which  runs  at 
right  angles  on  each  side  of  the  handle  and  blade,  and  lies  in  the 
same  plane  as  the  latter. 

When  the  lower  plate  is  electrified,  it  would  attract  the  blade, 
thereby  raising  the  end  of  the  handle.  So  that  if  we  notice  the 
position  of  the  end  of  the  handle  with  respect  to  a  mark,  and  see 
that  it  moves  above  or  below  it,  we  know  that  the  electricity  of 
the  lower  plate  is  either  overcoming  the  tendency  of  the  light 
platinum  wire  to  keep  it  up,  or  is  unable  to  do  so. 

If  then  we  charge  our  jar  to  such  a  potential  that  Ihe  handle  is 
situated  close  to  the  mark,  and  we  keep  it  so,  we  know  that  the 
potential  of  the  jar  is  constant.  When  we  notice  the  handle  sinking 
below  the  mark,  we  know  that  the  potential  of  the  electricity  in 
the  jar  is  falling ;  but  a  few  turns  of  the  replenisher  will  bring  it 
up  again. 

In  the  actual  arrangement,  the  rung  of  the  handle  is  formed  of 
a  fine  black  hair. 

Inside  the  handle  there  rises  a  small  pillar,  with  two  black  dots 
on  it.  The  sign  of  division  -7-  represents  this,  the  line  being  the 
hair  which,  by  the  movement  of  the  spade  blade,  rises  above  or 
below  the  two  dots,  which  of  course  would  be  almost  quite  close 
together. 

To  enable  the  hair  and  spots  to  be  seen  distinctly,  a  plano- 
convex lens  is  placed  a  little  distance  off.  Care  must  be  taken,  in 
order  to  avoid  parallax  error,  to  keep  the  line  of  sight  a  normal  to 
the  centre  of  the  lens. 

2  B 


f 
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We  spoke  of  the  lower  disc,  which  becomoe  electrified  b^  tk 
jar,  and  which  acts  on  the  spade  blade.  Now  it  is  evident  that  if 
the  distance  between  the  platea  be  always  the  same,  and  the  elu- 
ticity  of  the  platinum  asial  wire  be  also  the  same,  to  get  the  btii 
between  the  two  spots  is  to  ubf^is  the  jar  at  a  particular  fixed 
poteiitial. 

But  we  may  require  to  get  thia  potential,  although  the  swna 
whilst  a  certain  set  of  experiinetits  are  being  made,  yet  difiureot 
for  difierent  series  of  experiments.  This  is  provided  for  b; 
enabling  the  lower  disc  to  be  lowered  by  screwing  it  round. 


The  Induction  Plate.  ^^M 

417.  To  enable  high  potentials  to  be  measured,  an  "imlndin  * 
plate"  is  added.  It  consists  of  a  thin  brass  plate,  smaller  in  uea  J 
than  the  top  of  the  quadrant  beneath  it,  and  supported  from  tliO  I 
main  cover  by  a  glass  stem.  It  is  provided  with  an  insulated  1 
terminal  I.     The  use  of  the  plate  will  be  explained  later  on.  | 

418.  A  fiat  brass  plate  oovers  the  mouth  of  the  jar,  and  u 
secured  to  it  ao  as  to  be  air-tight  and  prevent  the  entrance  of 
moisture. 

A  kind  of  lantern  rises  from  the  middle,  which  oovers  the 
mirror  and  its  suspending  arrangements,  and  above  this  a  box  with 
a  glass  lid  protects  the  gauge. 

The  front  of  the  lantern  is  of  glass,  which  allows  the  ray  of 
light  to  fall  on  the  mirror  and  be  reflected  back  on  the  scale. 

Terminal  rods  or  electrodes,  in  connection  with  each  set  of 

quadrants,  pass  through  ebonite  columns 

Fto.  158.  to  the  outside  of  the  case,  and  have  tor- 

^  *^  minals  attached  to  them.    These  electrodes 

^^^^^^P  can  be  pulled  up  and  disconnected  &om 

JB^m^L  the  quadrants  if  necessary. 

^^^^^^B^  A  charging  rod  (seen  in  Fig.  1 57,  page 

^^^^^^^^^^^^    3G6,  to  the  left  of  the  left-band  quadrant 

^^^H^H^^^^*    terminal)  also  is  provided,  which  can  bo 

^HS^HB^  turned  round  on  its  axis.     It  has  at  ita 

^^^^^^^^^^1  lower  end  a  small  spring,  fixed  at  right 

^^^^^^^^^H  angles  to  it.    By  tumiog  this  termiaal  rod 

^^^^^^^^19  round,  the  spring  can  bo  brought  in  con- 

ktaot  with  tbe  framework  from  which  the 
needle  is  suspended,  and  thereby,  through  the  medium  of  the 
guard  tube  and  the  platinum  wire  attached  to  it,  the  acid  in  tho 
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jar  can  be  charged.  When  this  is  done,  the  spring  is  moved 
away,  so  that  no  accidental  leakage  can  take  place  through  it. 

Various  insnlating  supports  are  provided  inside  the  jar  and 
lantern.  One  supports  the  guard  tubes  and  the  adjusting  screws 
of  the  needle ;  others  support  the  quadrants. 

The  whole  arrangement  is  supported  by  a  kind  of  tripod  on  a 
metal  base,  to  keep  it  steady.  There  are  also  levelling  screws,  and 
a  level  on  the  brass  cover,  to  enable  the  instrument  to  be  properly 
levelled,  so  that  the  axis  of  the  needle  may  swing  clear  of  the 
guard  tube. 

H  is  a  sorew-capped  opening  through  which  acid  can  be  intro- 
duced into  the  glass  jar. 

Bevernng  Key. 

419.  Fig.  158  represents  a  reversing  key  which  is  specially 
adapted  for  use  with  the  instrument. 


To  SET  UP  THE  Electrometer. 

420.  In  setting  up  the  instrument  for  use  the  following 
instructions  *  should  be  followed : — 

The  cover  being  unscrewed  and  lifted  off  and  supported  about 
18  inches  above  the  table,  it  will  be  observed  that  the  stiff 
platinum  wire  to  which  the  needle  is  attached  just  appears  below 
the  narrow  guard  tube  enclosing  it  in  the  centre  of  the  quadrants, 
and  terminates  in  a  small  hook.  The  loop  at  the  end  of  the  fine 
platinum  wire  is  to  be  slipped  over  this  hook,  so  that  the  fine  wire 
and  plummet  may  hang  from  it.  The  wide  guard  tube,  when  in 
its  proper  position,  forms  a  continuation  of  the  upper  guard  tube, 
so  as  to  enclose  the  fine  platinum  wire  just  suspended.  It  must 
therefore  be  passed  upwards  over  the  suspended  wire,  and  neck 
foremost,  until  the  neck  embraces  the  lower  part  of  the  upper 
guard  tube,  where  it  must  be  fixed  by  the  screw  pin  provided 
for  the  purpose;  this  pin  is  screwed  in  by  means  of  one  of  the 
square-pointed  keys,  supplied  with  the  instrument,  fitting  the 
square  hole  in  its  head.  This  being  done,  replace  and  fasten  the 
cover,  place  the  instrument  on  a  sheet  of  ebonite  or  block  of  paraffin 
wax  so  as  to  insulate  it,  and  level  up  by  means  of  the  circular 
spirit  level  on  the  cover. 

Next  unscrew  and  lift  off  the  lantern  and,  if  necessary,  adjust 
the  four  quadrants  so  that  they  hang  properly  in  their  places, 

*  From  inBtnictions  drawn  up  by  the  late  Mr.  W.  Leiich. 

2  B  2 


iJ72  IIANDBUOK   OF   ELECTRICAL  TESTING.  ^^M 

with  their  uppor  sur&cua  in  one  horizontal  plane.  The  ueoSk 
and  mirror  which  Lave  been  secured  during  tTanait  by  a  pin 
paasing  through  the  ring  in  the  platinum  wiie  just  above  the 
guard  tube,  and  screwed  into  the  brass  plate  behind,  must  now  be 
relcaited  by  unsorewing  this  pin  with  the  lung  steel  sqnare'pointod 
kej,  and  placing  it  in  the  hule  luade  for  it  in  the  cover  just  behind 
the  main  glaBB  stem  to  prevent  its  being  lost.  The  needle  will 
now  hang  by  the  fibres. 

The  two  quadrants  in  front  of  the  mirror  should  now  be  dmrn 
outwards  from  the  centre  as  far  as  the  slots  allow,  by  sliding  out- 
wards the  screws  from  which  they  hang,  and  which  project  abuve 
the  cover  of  the  jar  with  their  nuts  resting  npoa  flat  cblong 
washers ;  a  bettor  view  will  thus  be  obtained  of  the  needle.  Tho 
surfaces  of  the  lattor  ought  to  be  parallel  to  tho  npper  and  under 
surfaces  of  the  quadrants,  and  midway  between  them.  This  will 
be  test  observed  by  looking  through  the  glass  of  the  jar  juat  below 
tho  rim.  If  tho  needle  requires  to  be  raised  r.r  lowered,  it  is  done 
by  winding  up  or  letting  down  the  suspending  fibres,  that  is,  b; 
turning  the  proper  way  the  siuall  pins  e,  d  (Fig.  156,  page  365). 
The  suspending  wire  which  passes  through  the  centre  of  ll» 
needle  should  also  be  in  the  centre  of  the  quadranls.  This  is  hot 
observed  when  the  quadrants  have  been  moved  to  their  ckieest  poci- 
tion.  The  fourth  quadrant  ia  moved  out  or  in  by  the  micrometer 
screw  g  (Fig-  167,  page  3i)6),  whoso  graduated  disc  overh&nga 
tho  edge  of  the  cover,  A  deviation  of  the  eutipending  wire  from 
its  proper  central  position,  as  was  explained  at  the  beginning  of 
the  chapter,  may  be  corrected  by  means  of  the  small  screws  a,  b,  c, 
and  d  (Fig.  156,  page  365).  When  proper  adjustment  is  attained 
the  black  line  on  the  top  of  tho  needle  should  be  parallel  to  the 
transverse  slit  made  by  the  edges  of  the  quadrants  when  these 
are  symmetrically  arranged. 

The  sulphuric  acid  may  now  bo  put  into  the  jar.  For  this 
purpose,  the  strongest  sulphuric  acid  of  commerce  ia  to  be  boiled 
with  some  crystals  of  sulphate  of  ammonia,  in  a  florence-flaek 
supported  on  a  retort-staud  over  a  jot  of  gas  or  other  convenient 
source  of  heat.  It  is  recommended  to  boil  under  a  chimney,  so 
that  the  noxious  fumes  rising  from  the  acid  may  escape.  To 
guard  against  the  destructive  effects  of  the  acid  in  tho  event  of  the 
flask  breaking  by  the  heat,  there  should  be  placed  beneath  it  a 
broad  pan  filled  with  ashes,  or  it  should  stand  above  a  fire-plaoo 
containing  a  sufficient  quantity  of  cold  oehcs.  A  little  sand  put 
into  the  flask  will  lesson  the  risk  of  breaking.  The  object  of 
boiling  tho  acid  is  to  expel  the  volatile  acid  impurities  which  will 
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otherwise  impregnate  the  air  inside  of  the  jar  and  tarnish  the 
works.  When  cool,  the  acid  may  be  best  poured  into  the  jar 
through  a  glass  filler  with  a  long  stem  inserted  through  the  screw 
opening  H  (Fig.  167,  page  366)  provided  for  the  purpose.  The 
stem  of  the  filler  should  reach  the  bottom  of  the  jar,  to  avoid 
splashing  upon  its  sides  or  upon  the  works,  and  in  removing  it  care 
should  be  taken  that  it  is  drawn  out  without  its  end  touching  any 
of  the  brasswork.  The  acid  may  be  poured  in  till  the  surface  is 
about  an  inch  below  the  lower  end  of  the  wide  brass  ti^be  which 
hangs  down  the  middle  of  the  jar.  It  must  at  least  reach  the 
three  platinum  wires  hanging  from  the  works. 

421.  The  instrument  thus  adjusted  and  charged  with  acid 
should  be  allowed  to  rest  for  some  little  time  so  that  any  films  of 
moisture  on  the  insulating  portions  of  the  apparatus  may  become 
absorbed. 

The  scale  should  now  be  placed  at  the  proper  distance  so  that 
the  reflected  image  is  sharply  defined  and  stands  at  the  middle  of 
the  scale,  that  is,  at  360 ;  for  the  electrometer  scale  (unlike  that  of 
a  galvanometer)  is  graduated  from  0  to  720,  360  being  the  middle 
point.  Care  must  be  taken  that  the  two  ends  of  the  scale  are  f-' 
equidistant  from  the  centre  of  the  mirror. 

Next  connect  together  the  two  electrodes  of  the  quadrants  and 
the  induction  plate  electrode,  by  means  of  a  piece  of  thin  wire 
joined  to  the  cover  of  the  jar ;  also  turn  the  charging  rod  so  that 
it  touches  the  fhimework  of  the  platinum  wire  of  the  needle. 

Now  charge  the  jar  positively  by  means  of  a  few  sparks  from  a 
small  electrophorus,  the  frame  of  the  instrument  being  put  to  earth 
for  the  purpose,  and  afterwards  disconnected.  When  the  proper 
potential  is  reached,  it  is  indicated  by  the  lever  of  the  aluminium 
balance  rising ;  the  charging  rod  should  then  be  turned  so  as  to 
disconnect  the  latter  from  the  needle.  The  replenisher  must  now 
be  used  to  adjust  the  charge  exactly,  so  that  the  hair  may  stand 
between  the  black  spots  when  observed  through  the  lens.  When 
the  lever  carrying  the  hair  is  at  either  extremity  of  its  range,  it  is 
apt  to  adhere  to  the  stop ;  in  using  the  replenisher  to  bring  it  from 
either  limit,  therefore,  it  is  necessary  to  free  it  from  the  stop  by 
tapping  the  cover  of  the  jar  with  the  fingers. 

If  the  charge  has  caused  the  reflected  image  to  be  deflected 
from  the  middle  of  the  scale,  it  may  be  brought  back  to  that  posi- 
tion by  turning  the  micrometer  screw  which  moves  the  fourth 
quadrant,  and,  if  necessary,  sliding  out  or  in  one  or  more  of  the 
other  quadrants. 

The  small  percentage  of  the  charge  lost  from  day  to  day  may 


I   374  HANDBOOK   OF   ELECTRICAL  TESTING,  ^^M 

he  recovered  by  iiHing  ihe  repleniBher.     Under  ordinary  conditioiit     T 
this  loss  will  not  amouut  to  more  than  ^  per  cent,  per  day.  J 

The  charge  may  suffer  loss  D-om  several  causes,  the  most  pren-     \ 
lent  being  the  presence  of  duBt  on  portions  of  the  apparfttos  innde 
tlio  jar.     Every  portion  should  bo  carefully  dusted  vritb  a  eamel- 
lair  brush,  and  oejiecially  the  round  induction  plate  beneath  the 
ftlnmininro  balance. 

Loss  may  oocnr  by  shreds  inside  of  the  quadrants  drawing  tbe 
charge  from  the  needle.  It  should  be  ascertained  whether  thi» 
takes  place.  Insulate  alternately  each  pair  of  quadrants  by  raising 
the  corresponding  electrode,  while  the  other  pair  are  oonnetrtei 
through  their  electrode  with  the  oovor.  If  the  reflected  image  iB 
Bilhor  case  keeps  moving  slowly  along  the  scale,  for  instanoe  oy«r 
20  scale  divisions  in  half  an  hour,  the  charge  in  the  jar  being  it 
the  same  time  kept  constant  by  the  nxe  of  the  replenisber  if  neocB- 
Baiy,  the  insulated  pair  of  quadrants  is  receiving  a  charge  from  the  j 
needle.  In  that  case  the  inside  of  the  quadrants  may  bo  bmshed 
with  a  light  feather,  or  camel-hair  brush,  after  sliding  them  ont- 
Tvarda  as  far  as  the  slots  allow,  and  securing  the  needle  in  tbe  peti- 
tion in  which  it  was  fixed  during  transit ;  care  being  taken  net  to 
press  upon  the  needle  so  as  to  bend  it  or  the  suspending  wire. 
Without  securing  the  needle,  each  quadrant  may  be  drawn  out- 
wards and  brushed,  while  tbe  needle  is  deflected  away  from  it  by 
the  screws  a,  b  (Fig.  156,  page  365),  or  by  any  obvious  means  of 
keeping  the  needle  deflected,  care  being  taken  not  to  strain  the 

Another  possible  source  of  loss  of  charge  is  want  of  intmlation 
over  the  portion  of  the  glass  jar  above  the  acid.  If  the  peroenlago 
of  the  charge  lost  from  day  to  day  he  bo  considerable  as  to  require 
much  use  of  the  replenisber  to  recover  it,  the  glass  should  be 
olesned  with  a  wet  sponge,  rubbed  with  soap  at  first,  or  with  a 
piece  of  hard  silk  ribbon,  wet  and  soaped  at  first,  then  simply  wet 
with  clean  water,  which  may  be  drawn  round  the  gIa»B  %•>  clean 
every  part  of  it.  The  ribbon  being  dried  before  a  fire,  may  be  used 
in  the  same  manner  to  dry  the  glass. 

If  everything  fails  to  make  tbe  appamtus  keep  its  charge,  the 
cause  is  probably  due  to  a  defective  glass  jar,  and  this  can  only  be 
remedied  by  the  manufaoturors. 

422.  The  good  insulation  of  the  instrument  being  satififactorily 

accomplished,  the  symmetrical  suspension  of    the  needle  by  tbe 

fibres  should  be  tested.     The  conditions  sought  to  bo  realised  are, 

D      that  in  tbe  level  position  of  the  instrument  the  needle  may  hang 

R      with  etjual  strain  on  the  two  fibres,  ami  in  a  symmotrictil  position 

t_ 
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with  regard  to  the  four  quadranta.  It  ie  plain  that  if  these  condi- 
tions be  fulfilled  the  deflection  produced  by  the  same  electric  force 
in  the  level  position  of  the  inBtrumont,  will  he  less  than  it  will  he 
in  any  position  of  the  inHtrument  which  tlirowa  the  greater  part  of 
the  weight  on  one  fibre,  or  brings  the  needle  nearer  to  any  part  of 
the  inner  surface  of  the  quadrants  than  it  is  in  its  symmotrical 
position,  which  is  its  position  of  greatest  distance  from  all  the 
quadrants.  To  make  the  teet,  the  two  quadrant  t«rminalB  should 
be  connected  to  the  two  poles  of  a  single-oell  battery,  and  the 
deflections  produced  upon  the  scale  compared,  while  the  instrument 
is  set  at  different  levels,  by  screwing  one  or  more  of  the  three  feet 
on  w-hioh  it  is  supported.  At  each  observation  the  extreme  range, 
or  difference  of  readings  got  by  reversing  the  battery,  should  be 
noted.  If  the  range  diminishes  as  one  side  of  the  instrument  is 
raised,  the  suspending  fibre  on  that  side  must  be  drawn  up,  by 
turning  very  slightly  the  small  pin  c  or  li  (Fig.  156,  page  3G5), 
round  which  it  is  wound,  and  another  series  of  obervatioDS  taken  in 
the  same  manner,  beginning  with  the  instrument  levelled.  Instead 
of  drawing  up  one  fibre,  the  other  may  be  let  down,  to  keep  the 
needle  midway  between  the  upper  and  under  surfaces  of  the  quad- 
rants, and  after  each  alteration  of  the  suspension  it  will  be  neces- 
sary to  readjust  the  screws  a,  b  (Fig.  156,  page  365),to  make  the 
black  line  on  the  needle  hang  exactly  midway  between  the  quad- 
rants when  the  needle  is  undisturbed  by  electricity.  It  will  be 
observed  also  that  the  charge  of  the  jar  is  lost  by  touching  these 
screws,  unless  the  insulated  key  is  used.  They  are  reached  with- 
out taking  off  the  lantern  by  screwing  out  a  vulcanite  plug  in  the 
glass  window  in  front  of  them. 

In  deflecting  the  instrument  much  from  its  level  position,  tho 
guard  tube  may  be  brought  into  contact  with  the  wire  hanging 
from  the  needle,  and  the  m'jvemenls  of  the  latter  be  thus  interfered 
with  by  friction.  When  the  needle  vibratea  freely,  it  will  be  ob- 
served that  the  image  oomes  to  rest  in  any  position  to  which  it  may 
be  deflected,  after  vibrating  with  constant  period  and  gradually 
diminishing  range  on  each  side  of  this  position  of  rest.  The  occur- 
renoe  of  friction  is  shown  by  the  needle  coming  to  rest  abruptly,  or 
vibrating  more  quickly  than  proper.  The  reading  obtained  under 
these  circumstanoea  is,  of  course,  of  no  value.  The  quicker  vibra- 
tions obtained  in  using  the  induction  plate  must  not  be  mistakeD  j 
for  vibrations  indicating  friction,  from  which  they  may  be 
distinguished  by  their  regularity. 

If,  as  may  possibly  happen,  the  process  of  observing  the  defleo 
tions  at  different  levels,  and  drawing  up  the  fibre  ou  that  eidi 
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wliich  ie  being  raised  while  getting  Iobb  setisibility,  should  only 
leikd  the  operator  to  draw  up  one  tibru  till  it  liears  the  whole 
weight,  while  the  other  is  soon  to  hang  loosely,  he  should  adjiul 
them  OS  nearly  as  he  can  by  the  eye  to  bear  an  equal  share  of  tlie 
weight,  and  exaiaiue  the  position  of  the  neetlle  by  looking  through 
the  glass  of  the  Jar  just  below  the  rim,  the  two  (quadrants  in  front 
of  the  mirror  being  drawn  out,  and  the  lantern  taken  off  to  let  in 
plenty  of  light.  He  will  probably  find  that  the  needle  leus 
slightly  downwards  relatively  to  the  quadrants  on  that  side  whii^ 
he  was  drawing  up  while  getting  smaller  deflootiuna.  To  correct 
this  ie  a  delicate  operation,  which  should  only  be  attempted  by  a 
-very  careful  operator.  Though  perfect  symmetry  of  snspeueioii  it 
aimed  at,  it  is  not  essential  to  the  utility  of  the  instrument.  If  it 
be  desired  to  make  the  correction,  first  secure  the  needle  as  during 
transit ;  take  off  the  cover,  and  while  it  is  held  by  a  careful  aauit- 
ant,  or  projierly  supported  in  a  iwaition  in  which  it  may  bo 
levelled,  remove  the  lower  guard  tube  (the  wide  brass  tulie 
hanging  down  the  centre)  after  screwing  out  tho  small  pin  in  its 
neck.  It  will  be  observed  that  the  upper  and  narrower  guard  tube 
consists  of  two  semi-cylindrioal  parts  united.  The  part  in  front 
may  now  he  removed  by  taking  out  the  two  screws  which  fasten  it 
at  the  top,  and  tho  platinum  wire  which  carries  the  needle  may  be 
examined.  If  it  has  got  Iwnt  it  must  be  straightened  ;  if  not,  it 
may  bo  bent  carefully  just  above  the  needle,  so  as  to  raise  that  end 
of  tho  needle  which  was  observed  to  hang  lowest.  If  the  cover  be 
sujiported  so  that  it  may  bo  levelled,  the  needle  may  be  set  free, 
and  the  operator  may  observe  whether  he  has  suooceded  in  making 
it  hang  parallel  to  the  surfaces  above  and  below  it.  The  needlo  must 
not,  however,  bo  allowed  to  hang  by  the  tibree,  while  bending  the 
platinum  wire,  or  while  removing  or  replacing  the  guard  tubes. 

The  works  being  replaced,  the  process  of  observing  the  deflec- 
tions at  different  levels  and  adjusting  the  tension  of  the  fibres 
should  bo  repeated,  with  the  view  of  getting  minimum  sensibility 
in  the  level  position. 

The  two  unoccupied  holes  bored  through  the  cover  and  flange 
of  the  jar  are  intended  to  receive  the  square-pointed  keys,  when 
not  in  use. 

Grabes  op  Sensitiveness. 
423.  There  are  several  ways  of  making  the  connections  to  the 
terminals  of  the  quadrants,  frame,  and  induction  plate,  so  as  to  get 
B  degiees  of  aenaitiveuess  for  measuring  potentials  of  various 
strengths. 
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l8t  Orade, 

The  following  is  the  most  sensitive  arrangement,  snoh  as  would 
be  used  for  measuring  the  potential  of  a  Daniell  cell : — 

One  pole  of  the  battery  would  be  connected,  through  the 
medium  of  a  reversing  key  (Fig.  168,  page  370),  to  one  quadrant 
terminal,  and  the  other  to  the  frame  of  the  instrument  and  to  the 
second  quadrant  terminaL  This,  by  reversing  the  key,  would 
give  about  50  divisions  on  either  side  of  the  360,  equal  to  100 
in  alL 

2nd  Orade. 

Leaving  one  pole  of  the  battery  to  the  frame,  the  next  degree 
of  sensitiveness  is  obtained  by  disconuecting  the  pair  of  quadrants 
that  are  connected  to  the  frame,  the  electrode  being  raised  for  the 
purpose ;  the  other  connections  must  be  the  same  as  in  the  last 
ease.  By  this  arrangement  the  needle  is  acted  upon  by  one  pair  of 
quadrants  only. 

424.  By  using  the  induction  plate  we  may  still  further  diminish 
the  sensitiveness  of  the  instrument.  For  instance,  when  we  con- 
nect the  pole  of  the  batteiy  to  a  pair  of  quadrants,  those  quadrants 
take  the  potential  that  it  has ;  but  if  we  connect  it  to  the  induc- 
tion plate,  then  the  charge  in  the  quadrant  below  is  only  an 
induced  one,  and,  since  there  is  an  interval  between  the  plate  and 
the  quadrant,  this  induced  charge  will  be  small,  and  the  efifect  on 
the  needle  proportionally  small.  Again  if  we  disconnect  one  pair 
of  quadrants,  and  connect  the  wire  from  the  battery  to  the  induc- 
tion plate  and  to  the  corresponding  quadrants,  then  the  charge  will 
be  partially  hound.  The  effect  on  the  needle  will  therefore  be  less 
still.  The  actual  number  of  grades  of  sensitiveness  with  the 
induction  plate  are  as  follows  : — 

3rd  Chrade. 

One  pair  of  quadrants  connected  to  one  pole  of  battery.  Induc- 
tion plate  and  second  polo  of  battery  connected  to  frame.  Second 
pair  of  quadrants  disconnected  by  raising  electrode. 

4th  Orade. 

One  pair  of  quadrants  connected  to  one  pole  of  battery,  and 
also  to  induction  plate.  Second  pole  of  battery  connected  to 
frame.  Second  pair  of  quadrants  disconnected  by  raising  elec- 
trode. 
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I  pair  of    I 


Induction  plato  connected  to  a  pole  of  battery.     One  pair  of 

qiiailvants  and  second  pole  of  battery  connected  to  frame.     ~ 
pair  of  quadrants  diBoonnected  by  raising  electrode. 


I 


Induction  plate  connected  to  pole  of  battery.  Second  pole  of 
battery  connected  to  frame.  Both  pairs  of  quadrants  disconnecttid 
by  raising  the  electrodee. 

425.  We  can  in  each  of  the  foregoing  oase*  interchooge  the  ter- 
minals of  the  qnadrantB,  that  iij  to  say,  we  can  use  the  left  terminul 
where  we  used  the  right,  and  vice  eend. 

426.  There  is  one  more  point  to  mention  in  connection  with 
the  instrument,  and  that  is,  that  it  may  be  found,  on  raieing  one 
of  the  electroduB  to  disconnect  it  from  the  quadrants,  that  the  act 
of  doing  so  causes  the  image  on  the  scale  to  deviate  a  few  degrees 
from  zero  in  couBequence  of  a  charge  being  induced  thereby. 

In  the  moat  recent  form  of  inatrument  there  ia  a  small  milled 
vulcanite  head  provided,  by  taming  which  tho  quadrants  are 
connected  to  the  frame,  and  the  charge  being  thereby  dissipated, 
the  image  returns  to  zero.  When  this  is  done  the  milled  liead 
must  be  turned  back  before  commencing  to  test  again,  'i^^h 

The  Use  of  thz  Electbobeteb.  ^^H 

427.  Tho  electrometer  can  be  OBod  in  every  test  when  a  oon- 
deuBer  is  usually  employed. 

In  using  tho  condenser  we  have  to  charge  it,  and  then  note  its 
discharge  on  tho  galvanometer,  which  gives  the  potential.  With 
the  electrometer  we  have  simply  to  connect  to  its  terminals  the 
wires  which  would  be  connected  to  the  condenser,  and  the  per- 

Itnanent  deflection  on  the  scale  gives  us  the  potential,  which  can 
be  observed  at  leisure. 
Thus  in  measuring  the  resistance  of  a  battery  by  the  method 
given  on  page  310  (§  340),  we  should  first  connect  Ihe  battery  wires 
to  tho  electrometer  (through  the  medium  of  the  reversing  key  is 
best),  note  the  deflection,  then  insert  tho  shunt,  again  note  the 
deflection,  and  calculate  from  the  formula. 
The  great  value  of  the  electrometer,  however,  lies  in  the  fact 
of  its  enabling  us  to  notice  tho  continuous  fall  of  charge  in  a  cable, 
and  not,  like  the  condenser  method,  merely  to  determine  what  the 
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potential  has  fkllen  to  after  a  certain  timo.     We  oan  see  with 

unfailing  accuracy  when  the  charge  has  fallen  to  one-half,  or  any 
other  proportion  we  please. 

We  see,  in  faot,  exactly  what  ia  going  on  in  the  cable  at  any 
moment. 

The  connections  for  such  a  test  could  not  well  ho  simpler.  We 
charge  the  cable,  connect  it  to  the  electrometer,  the  frame  being  to 
oartli,  and  then  notice  the  deflection  as  it  gradually  falls  down  the 
scale.  We  do  not  even  require  a  battery,  as  we  can  charge  the 
cable  with  a  few  sparks  from  an  electrophorus. 

tThe  degree  of  sensitiveness  necessary  for  any  particular  oablftj 
can,  of  course,  only  tell  by  experience.  ■ 

MeagtiremenU  from  on  Inferred  Zero. 
428.  When  very  high  resistances,  such,  for  instance,  as  short 
gths  of  highly  insulated  cable,  are  measured  by  the  ordinary 
fall  of  charge  method,  the  fall,  even  in  a  oonBiderable  time,  would 
bo  BO  small  that  the  test  would  bo  an  unsatisfactory  one,  for  the 
difference  between  the  deflection  at  the  beginning  of  the  test,  and 
that  after  the  interval  of  time,  could  only  be  a  small  fraction  of 
the  whole  length  of  the  scale ;  and  if  the  deflections  are  not  accu- 
rately noted,  still  less  can  we  be  satisfied  of  the  corroctnesa  of  our 
result  when  worked  out  from  a  formula. 

By  means  of  a  plan  suggested  by  Professor  Pleemiog  Jenkin, 
bowovor,  such  high  resistances  can  be  measured  by  the  fall  of 
charge  method  with  considerable  precision. 

rrofeesor  Jenkin's  improvement  consists  in  virtually  prolong- 
ing the  scale  and  counting  the  divisions  from  an  in/erred  zero. 

An  explanation  of  the  method  of  making  the  test  will  best 
show  what  an  inferred  zero  is. 

One  pole  of  the  buttery  being  to  earth,  the  other  pole  is 
nectod  to  one  pair  of  quadrants. 

The  second  pair  of  quadrants  is  connected  to  the  ouble. 

By  joining  for  an  indtant  the  two  pairs  of  quadrants  together, 
the  cable  and  quadrants  take  the  same  potential ;  therefore,  at  the 
moment  of  disoonecting  them,  the  needle  will  be  at  zero. 

The  potential,  however,  of  the  cable,  and  the  quadrants  oon- 
'  to  it,  will  fall,  and  the  needle  be  deflected. 

Suppose,  now,  one  cell  connected  to  the  electrometer  gave  100 
'dWisions  deflection,  and  suppose  the  battery  which  charged  the 
cable  was  100  cells,  then  if  the  cable  lost  1  per  cent,  of  its  charge, 
the  charge  remaining  would  be   'JO,  and  as  the  other  quadrant, 
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being  penuanontlj'  connected  to  the  100  oells,  has  the  potent 
100.  the  difference  between  the  two  is  100  —  99  =  1  oelL,  whii 

ve  have  said,  gives  100  diviaiona.  The  2  per  cent,  loss  ^roold 
give  200  diyieione,  and  eo  ou,  whereoa  by  the  method  mentioned 

the  last  page,  if  we  get  300  say,  at  first,  then  1  per  cent,  ^am 
would  only  move  the  image  down  to  297,  and  2  per  cent,  woold 
ove  it  down  to  294. 

When  all  the  charge  is  lost,  the  deflection  would  evidently  be 
100  X  100  =  10,000,  which  is  the  inferred  zero.  To  obtain  this 
zero  for  any  particular  battery,  we  should  have  to  get  the  deflec- 
tion from  1  cell  and  then  detennine,  by  the  method  given  on 
pages  302  (§  336)  and  314  (§  348),  what  the  electromotive  force  of 
the  testing  battery  is  in  terms  of  the  I  cell.  Then  by  multiplying 
the  1  cell  deflection  by  this  value  we  get  what  we  require. 

The  numbers  representing  the  potentials  we  mttst  evidently 
get  by  subtracting  the  deflections  on  the  Boate  from  the  inferred 

To  obtain  the  full  range  of  the  scale  we  shoald,  at  Btarting,  gbt 
the  image  on  the  actual  marked  zero,  which  is,  as  wo  have  before 
said,  at  the  end,  and  not  at  the  middle  of  the  scale. 

429.  It  is  possible  to  use  the  electrometer  without  having  the 
aoid  of  the  jar  charged.  For  this  purpose  one  pair  of  qnadrants 
should  be  cciiinected  to  the  needle  ;  by  this  arrangement  the  needle 
becomes  charged  by  the  same  electricity  that  charges  the  qnad- 
rants to  which  the  needle  is  connected.  It  will  be  seen,  however, 
that  with  this  arrangement  the  deflections  will  not  be  directly 
proportional  to  the  potentials  producing  them,  as  the  action  is 
Bimilar  to  that  which  takes  place  in  the  case  of  an  eloolro-dynamo- 
meter  (page  331) ;  the  deflections,  in  fact,  will  be  proportional  to 
the  gquare«  of  the  potentiala. 

The  special  advantage  of  the  foregoing  method  of  using  the 
instmment  is  that  it  enables  rapidly  alternating  potentials  to  be 
measured,  as  in  the  case  with  rapidly  alternating  currents  through 
the  electro-dynamometer. 


(    381    ) 


CHAPTER  XV. 

MEASUREMENT  OF  HIGH  BBSISTANCES. 

430.  The  highest  resistanoe  which  it  is  possible  to  measure  by 
means  of  the  Wheatstone  bridge  described  at  the  oommenoement 
of  Chapter  VIII.  (page  200),  is  1,000,000  ohms.  It  is  true  that 
some  bridges  have  another  set  of  resistances  in  the  top  row,  which 
will  enable  the  ratio  10  to  10,000  to  be  used,  and  consequently  a 
resistance  of 

lOjOOO^X  10^0  ^  10.000.000  ohms 
10 

to  be  measured ;  but  this  is  not  often  the  case,  and  the  values  of 
resistances  much  greater  than  this  frequently  require  to  be  deter- 
mined. 

For  this  purpose  a  modification  of  the  deflection  method  given 
in  Chapter  I.,  page  6  (§  10),  must  be  adopted. 

431.  Provide  a  single,  and  also  about  100  constant  cells.  Find 
their  respective  electromotive  forces  by  the  discharge  method  given 
on  pages  302  (§  336)  and  314  (§  348).  Thus,  suppose  the  dis- 
charge taken  from  the  1  cell,  which,  as  we  have  explained,  should 
be  taken  first,  gave  a  deflection  of  300,  the  galvanometer  shunt 
(S2)  being  adjusted  for  this  purpose  to  560  ohms.  Suppose  also 
that  the  discharge  from  the  100  cells  in  the  place  of  the  1  cell,  gave 
a  deflection  of  302,  with  a  shunt  (S^)  of  6  ohms ;  then  by  multi- 
plying the  302  by 

0  +  81 
Si 

we  get  the  deflection  we  should  have  had  if  no  shunt  had  been 
used ;  this  will  represent  the  electromotive  force  of  the  100  cells. 
In  like  manner,  by  multiplying  the  300  by 

Q  +  8, 

we  get  a  number  representing  the  electromotive  force  of  the  1  cell* 
Taking  the  resistance  of  the  galvanometer  (G)  to  be  5000  obms, 
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Ksd  giving  the  other  numerical  valnea  to  the  quantities,  tbe  ratio 
'   of  the  electromotive  foroe  of  the  1  oell  to  the  electromotire  foice 
the  100  cells  would  be 


i 


0  :  252,000. 


If  now  we  divide  the  greater  number  by  the  leas,  we  get  the 
value  of  the  100  cells  in  terms  of  the  1  cell.  This  value  is  84-0, 
that  is  to  Bay,  the  100  cells  are  84  -  6  times  stronger  than  the  1  c«ll, 
and  not  100  times.  This  might  ariso  from  some  of  the  cells  being 
defective,  or  imperfectly  insulated.  This  does  not  matter,  how- 
ever, so  long  as  we  determine,  as  we  have  done,  how  much  more 
powerful  the  100  cells  are  than  the  1  cell. 

Calculation  may  be  saved  in  tho  foregoing  measurement  if  we 
adjust  tho  galvanometer,  by  means  of  the  directing  magnet,  so  that 
a  convenient  discharge  deflection  is  obtained  with  the  1  cell  when 
there  is  no  shunt  between  the  terminals  of  the  instrument.  The 
exact  value  of  this  deflection  being  noted,  tho  discharge  defleo- 
tion  from  the  100  cells  is  next  taken  with  the  ^  shunt  (page  60, 
i  61)  ;  then  the  latter  deflection  multiplied  by  100  and  divided  hy 
the  first  deflection,  obviously  at  once  givea  the  value  of  the  100 
cells. 

432.  Having  found  tho  value  of  the  100  cells  in  tenns  of  the 
Bingle  cell,  we  next  proceed  to  join  up  the  galvanometer,  with  a 
ahnnt,  &a.,  between  ita  terminals,  in  cironit  with  a  resistance  ooil 
and  the  single  cell,  as  shown  by  Fig,  159  (page  383). 

Put  a  resistance  of  10,000  ohms  in  A  B  (a  resistance  of  10,000 

<%ms  in  a  separate  bos  is  often  used  for  this  measurement),  and 

having  first  inserted  eJI  the  plugs  in   3,  press  down  the  short- 

oircuit  key.  and  proceed   to  remove  some  of  the  plugs,  until  a 

deflection  of,  say,  300  is  obtained,  then  raise  tho  key  and  see  if  tho 

spot  of  light  comee  back  to  zero  properly  :  if  it  does  not,  then  by 

disconnecting  one  of  the  wires,  see  that  the  cause  is  not  from  the 

ebort-circuit  key  not  making  proper  contact.     If  this  has  not  the 

required  effect,  the  adjusting  magnet  of  the  galvanometer  must  be 

slightly  shifted,  and,  if  necessary,  put  a  little  lower  down,  so  as  to 

make  the  needle  a  little  less  sensitive.     After  a  few  trials  this  will 

■     be  satisfactorily  done,  and  the  spot  of  light  will  always  come  bock 

k    to  the  zero  point  when  no  current  is  passing  through  the  galvano- 

^L    meter. 
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Lot  the  defleatioa  be  30li^,  the  shunt  being  7  obms. 


This  is  the  de&eotion  we  should  get  throngh  10,000  ohms, 
with  uo  shunt  to  the  galvanometer.  There  is  really  in  the  oironit, 
beddee  the  10,000  ohms,  the  resistance  of  the  1  cell,  and  also  the 


resiBtanoe  of  the  galvanometer  and  shunt  combined  (which  will 
be  praotioaUy  7  ohms),  but  this  will  be  so  small  as  to  be  of  no 
oonseqneDoe ;  it  may,  however,  be  added  on  to  the  10,000  when 
working  out  the  results,  if  preferred. 

Now,  if  we  had  nsed  the  100  cells  instead  of  the  1  cell,  our 
deflection  would  have  been  64  -  6  times  as  great  as  it  was  with  the 

1  cell.  If,  then,  we  multiply  216,700  by  84  6  we  shall  get  the 
deflection  obtainable  with  the  100  cells  through  a  resistance  of 
10,000.  This  value  wiU  be  found  to  be  18,248,000.  UoltiplyiDg 
this  number  by  10,000  we  get  the  ecnitant;  this  oonstant  is 
obvionsty  the  theoretioal  resistance  which  would  give  a  defleotioD 
of  1  division  with  the  100  cells. 

If  it  is  required  to  use,  say,  200  oeUs  instead  of  100  only, 
then  in  oases  where  galvanometer  shunts  of  a  fixed  value  (^th, 
^th,  ,f,th),  only,  are  available,  it  would  be  advisable  to  employ 

2  cells  instead  of  the  1  oell,  for  making  the  test,  so  as  to  oause  the 
deflections  to  be  of  an  approximately  equal  value  (page  91,  5  86) ; 
this  would  not  of  course  alter  the  foregoing  process  of  oaloulation 


I 
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in  aoy  way,  it  woald  only  result  in  the  numerical  valno  of  tW 
■'  constant "  being  different.  The  actual  number  of  cells  used,  it 
maybe  pointed  out,  has  nothing  to  do  with  the  calculfttions ;  in 
fact,  it  Ib  usual  to  speak  of  the  100,  or  200,  cells  as  the  "  battery" 
Bimply.  A  one-cell  battery  is  used  for  producing  the  permanent 
deflection  through  10,000  ohms,  because  100  cells  would  deflect  tlw 
Bpot  of  light  off  the  scale  with  the  lowest  ehnnt  that  could  be 
used  ;  one  cell  happens  to  be  a  convenient  electromotive  force  to 
©mploy,  but,  as  pointed  out,  it  might  be  preferable  to  ose  two,  or 
even  more,  in  certain  cases. 

It  may  be  pointed  out  that  the  Danstant  deflection  with  1  cell 
through  10,000  ohma  may  usually  be  taken  with  the  ,i,  shunt  in 
the  place  of  a  shunt  of  a  particular  numerical  value  (as  in  the 
foregoing  example) ;  this  simplifies  oalculation,  as  we  hRV«  then 
simply  to  multiply  the  constant  deflection  by  1000  instead  of  by 
G  +  S 


Fio.  160. 


433.  The  foregoing  proci'sa  is  Biiupliiie<l  by  using  a  rosistaUCS 
of  1,000,000  (1  megohm)  in  the  place  of  10.000.  The  consUnt  can 
then  be  found  with  the  "  battery  "  at  once.     Fig.  1  GO  ebowa  one 
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form  of  **  megohm  "  for  this  plirpose.  As  it  is  useful  sometimes  to 
be  able  to  use  a  less  resistance  than  1  megohm,  the  latter  is  some- 
times divided  into  10  resistances  of  100,000  ohms  each,  as  shown 
by  Fig.  161. 

.434.  Having  measured  and  worked  out  the  constant  (which 
may  be  done  by  the  help  of  logarithmic  tables,*  or  by  means  of  a 
slide  rule  t),  we  insert  the  resistance  which  is  to  be  measured,  in 
the  place  of  AB,  using  the  100  cells  in  the  place  of  the  1  oell. 
Having  adjusted  S  till  a  deflection  of  300,  or  near  to  300,  is 
obtained,  note  S  and  also  the  deflection.  Let  S  be  2500,  and 
deflection  298.    Then  the  deflection  without  the  shunt  would  be 

298  X  ^^itJ^^  =  894. 
2600 

Dividing  the  "  constant "  by  this  number,  we  get 

182^CW0p  ^  204,100,000  ohms. 

which  is  the  value  of  the  resistance. 

435.  Practically,  we  may  say  the  value  of  the  resistance  is 
204,000,000  ohms,  or  204  megohms,  for  inasmuch  as  we  can  only 
be  certain  of  the  values  of  the  observed  deflections  to  3  places  of 
figures,  so  we  can  only  be  certain  of  the  worked  out  values  to  3 
places  of  figures.  A  great  deal  of  time  is  often  wasted  in  working 
out  results  to  5  or  6  places  of  figures  when,  in  the  observations 
necessary  to  obtain  those  results,  it  is  possible  to  be  certain  of  their 
value  to  3  places  only. 

MSASUBEMENT  OF  THE  INSULATION   RESISTANCE  OF  A   CaBLE. 

436.  In  measuring  the  insulation  resistcmoe  of  a  cable,  the  con- 
stant having  been  taken  in  the  foregoing  manner,  we  should  joiv 
up  the  galvanometer,  shunt,  short-circuit  key,  reversing  key, 
battery  switch,  battery,  and  cable,  as  shown  by  Fig.  162  (page  386).^ 

By  having  both  a  galvanometer  reversing  key  and  a  battery 
switch  the  trouble  of  reversing  the  wires  on  the  galvanometer, 
when  the  battery  current  is  reversed,  is  avoided,  as  it  can  be  done 
more  readily  by  means  of  the  key.    The  object  of  reversing  the 

*  Chambers'  *  Maihematicai  Tables  *  are  those  generally  used. 

t  Faller's  slide  rale  is  a  particularly  useful  instrument  for  working  out  these 
calculations;  besides  being  very  easy  of  manipulation,  it  is  quite  accurate  to 
4  placet  of  figures,  whilst  the  5th  figure  can  be  closely  approximated  to. 

t  See  also  *The  Bilfcrtown  Compound  Key  for  Cable  Testing,'  Chapter 
XXVII. 

2  c 
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galvanometer  conneotionB  when  the  battery  is  reversed  u  to  oMtn 
the  deflection  always  on  the  same  side  of  the  scale. 

437.  Both  ends  of  the  cx>re  of  the  cable  mnst  be  trimmed  bj  ' 
means  of  a  sharp  and  clean  knife,  care  being  taken  that  the  onter 
Bnrface  of  the  gutte-percha,  which  has  been  exposed  and  oxidised 


iy  the  air,  is  completely  cut  away  ;  the  clean  surface  thnB  exposed 
■hoald  not  be  touched  by  the  fingers.  It  ia  a  good  plan  to  p&int 
the  trimmed  ends  with  hot  parafGn  v>ax  (not  oil). 

The  enda  being  thus  carefully  insulated,  and  the  fnrther  taiA 
left  hanging  free,  eo  as  not  to  touch  anything,  the  nearer  end  of 
the  cable  must  be  connected,  throngh  the  medium  of  the  lead  wii«, 
to  the  terminal  screw  of  the  reversing  key,  as  shown  in  Fig.  152, 
oare  being  taken  not  to  touch  the  trimmed  end  in  doing  eo.  The 
Bwiteh  plugs  being  inserted,  the  reversing  key  which  pnta  the 
uno  pole  to  the  cable  must  be  damped  down,  and  (the  short-circnit 
key  being  depressed)  sufficient  resistance  inserted  in  the  ehunt  to 
obtain  a  deflection  of  about  300, 

At  the  end  of  a  minute  from  the  time  the  reverting  key  was 
clamped  down,  the  exact  deflection  should  be  noted. 

EUeirification. 
438.  The  deflection  obtained,  it  will  be  found,  is  not  a  pennsr 
sent  one,  but  will  gradually  decrease  aa  the  current  Is  k«pt  ODi 
Atlling  rapidly  at  first,  and  then  more  slowly,  until  at  length  it 
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becomes  practically  stationary ;  the  continued  action  of  the  cur- 
rent, in  fact,  apparently  increases  the  resistance  of  the  dielectric. 
This  phenomenon  is  know  as  ElectrificcUianj  and  its  cause  is  not 
well  understood;  it  seems  to  be  due  to  some  kind  of  polarisa- 
tion.* 

The  following  shows  the  decrease  in  the  deflection  observed 
with  a  piece  of  cable  core  insulated  with  gutta-percha : — 

Minutes' 
Electrlttcation.  Deflectiuik 

1  ..  ..  ..  205 

2  ..  ..  179 
o  ••  •■  ••  1^1 
4  . .  . .  164 
o  .  .  .  •  •  •  lOi/ 
6  . .  . .  , .  156 
f  •  •  « •  » •  i!n 
o  . .  . •  • •  10^ 
«7  •  .  •  •  •  •  lOU 

10  ..  ..  ..  148-5 

11  ..  147 

12  ..  ..  145-5 

13  144 

14  ..  143 

10  •  •  •  •  •  •  H£ 

439.  Electrification  is  much  more  marked  at  a  low  than  at  a 
high  temperature ;  thus  in  an  actual  experiment  it  was  found  that 
with  a  piece  of  core  (insulated  with  gutta-percha)  at  a  temperature 
of  O''  G.  the  deflection  fell  from  240  to  75  in  90  minutes ;  whereas 
with  the  same  piece  of  core  at  a  temperature  of  24^  G.  the  deflec- 
tion fell  from  240  to  173  only,  in  the  same  time. 

440.  The  late  Mr.  Hockin  verified  the  curious  fact  that  it  is  not 
until  some  hours  after  the  gutta-percha  has  taken  its  temperature 
that  the  resistance  reaches  its  corresponding  value. 

441.  The  rate  at  which  the  deflection  decreases  also  depends 
upon  the  nature  of  the  insulating  material ;  it  is  quicker  in  some 
kinds  of  gutta-percha  than  in  others,  being  smallest  in  the  best 
quality.  In  the  case  of  gutta-percha,  the  rate  of  fall  between  the 
Ist  and  2nd  minute  would  average  about  2  to  5  per  cent.  In 
indiarubber  the  decrease  is  very  rapid,  being  as  much  as  50  per 
cent,  between  the  1st  and  5th  minute. 

442.  If  the  cable  or  insulated  wire  under  test  is  quite  sound, 

*  Although  it  is  usually  essumed  that  the  decrease  in  the  deflection  is  due 
to  an  inorease  in  the  resistanoe  of  the  dielectric,  it  is  very  doubtful  whether  any 
auch  change  in  the  resistance  actually  takes  place  ;  it  is  more  pobable  that  the 
diminution  in  the  deflection  is  caused  entirely  by  an  opposing  dectromotive 
force  of  polarisation,  which  force  increases  (but  at  a  decreasing  rate)  in  strength 
so  long  as  the  battery  is  kept  on. 

2  G  ^ 
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tliQ  olectrification  shonld  take  place  perfectly  regularly,  that  ta  to 

eay,  the  deflection  on  the  galvanometer  scale  should  decrewe 
steadily.  An  unsteady  electrification,  ae  a  rule,  is  a  sign  that  the 
inaulation  is  defective.  It  sometimoa  happenB,  however,  that  tlw 
uneteadineea  is  due  to  the  teeting  battery  lieing  in  a  bad  oondition. 
or  not  properly  insulated ;  if,  therefore,  the  eleotrification  is  snch 
as  to  raieo  a  suspicion  that  the  insulation  of  the  cable  or  insulated 
wire  under  test  is  not  perfect,  the  battery  ehonld  be  looked  to,  to 
see  wliether  it  ib  iu  proper  order.  An  nuBleady  electrifimtion 
may  also  bo  caused  by  the  ends  of  the  cable  or  of  the  lead  wiio 
not  being  properly  trimmed,  or  from  their  becoming  damp.  Bebn 
concluding,  therefore,  that  the  cable  is  faulty,  these  points  Bhould 
be  attended  to. 

A  third  cause  of  unsteady  electrification  occasionally  exists  id 
factories ;  this  is  due  to  induced  current*  set  up  by  the  movemeot 
of  the  machinery  in  the  proximity  of  the  tanks  in  which  the  cabl^ 
is  coiled.  When  a  cable  is  being  tested  on  board  ship,  the  rolling 
of  the  latter  induces  comparatively  strong  currents  in  the  cabl«, 
and  causes  the  galvanometer  defloctions  to  be  very  erratic.  Tho 
effects  of  these  currents,  in  both  cases,  may  be  completely  got  ri^ 
of  by  the  simple  device  suggested  by  the  late  Mr.  J.  May,  of  the 
Telegraph  Construction  Company,  of  making  the  insulation  test 
with  both  ends  of  the  cable  connected  to  the  testing  apparatn*, 
instead  of  with  one  end  only. 

443.  Although  the  deflections  after  the  Ist  and  2nd  minute 
with  a  zinc  current  are  usually  all  that  is  necessary  when  ttiRting 
each  of  tho  lengths  of  core  (about  2  knots)  of  which  a  cable  !a 
composed,  or  when  testing  a  cable  during  manufacture,  yet, 
when  the  cable  is  complete  a  more  elaborate  test  requires  to  be 

444.  Now  it  is  found  with  a  good  cable,  that  if  the  battery  bo 
taken  off  after  electrification  baa  proceeded  for  some  time,  and  tlie 
cable  be  put  to  eurlh  through  the  galvanometer,  a  continually 
decreasing  current  will  flow  through  the  latter  back  from  the 
cable.*  Now  if  the  deflectloa  (called  tho  "Earth  Keading")  be 
noted  exactly  1  minute  after  tho  battery  current  is  taken  ofl^  then 
tho  value  of  this  deflection  added  to  tho  reading  taken  jnat  at  the 
moment  when  the  battery  was  taken  off  (that  is,  the  last  electri- 
fication reading),  will  equal  the  deflection  observed  after  1  minnte'a 
electrification  of  the  cable.  And,  again,  the  earth  reading  at  th« 
end  of  2  minutes  if  added  to  the  last  electrification  reading,  will 

*  Comiiare  niNi  Doto  on  page  3S7> 
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equal  the  deflection  obtained  after  2  minntee'  electrifioation,  and  so 
on.  Thus  the  *'  earth  readings  "  obtained  from  the  oable  referred 
to  on  page  387  were  as  follows : — 

Earth  BMdlngk 
After  1  minnte        . .  59 


n    2mmate8 

>»     '       »» 
»     5      „ 


88 
80 
25 
22 


The  last  electrification  reading  (at  the  15th  minute),  it  will  be 
seen,  was  142;  if  we  add  to  this  the  1st  minute  earth  reading, 
viz.  59,  we  get  142  -|-  59  =  201,  which  is  approximately  the  same 
as  the  let  minute  electrification  reading,  viz.  205.  Again  the  last 
electrification  reading  added  to  the  2nd  minute  earth  reading, 
viz.  38,  gives  142  -f  38  =  180,  which  is  approximately  the  same 
as  the  2nd  minute  electrification  reading,  viz.  179.  If  great  care 
is  taken  to  read  the  deflections  at  the  exact  termination  of  the 
minute  intervals,  the  calculated  and  observed  values  will  agree 
much  more  closely  than  in  the  actual  examples  just  given.  Con- 
siderable skill,  however,  is  required  in  making  the  observationSi 
as  the  fall  in  the  deflection  being  very  rapid  at  first,  it  may  happen 
that  the  observed  deflections  are  three  or  four  divisions  too  much 
or  too  little,  in  consequence  of  the  observations  being  made  a 
second  too  soon  or  too  late.  The  relation  between  the  electri- 
fication and  earth  readings,  as  has  been  before  stated,  will  only 
hold  good  if  the  cable  is  sound,  and  the  accordance  between  the 
two  may  therefore  be  taken  as  an  index  of  the  good  condition  of 
the  cable.  It  is  not  always  the  case,  however,  that  the  earth 
readings  are  noted. 

The  process  of  manipulation  for  taking  the  earth  readings  is 
as  follows: — A  few  seconds  before  the  completion  of  the  last 
minute  for  electrification  (usually  the  15th  minute)*  the  last 
electrification  reading  is  noted  and  the  galvanometer  short  circuit 
key  is  raised,  then  exactly  at  the  termination  of  the  minute,  one 
of  the  battery  switch  plugs  is  removed  and  placed  in  the  adjacent 
hole,  so  that  the  battery  becomes  disconnected,  and  the  galvano- 
meter terminal  connected  to  earth.  The  galvanometer  short 
circuit  key  being  then  depressed  the  current  flows  through  the 
galvanometer,  and  the  readings  are  taken  at  the  exact  termination 
of  each  successive  minute,  the  1st  minute  being  counted  from  the 

*  The  fall  in  the  deflection  is  so  slow  after  about  the  l(Hh  minnte  that  the 
actual  deflection  at  the  exact  termination  of  the  15th  minute  would  be  practically 
the  same  as  it  was  a  few  seconds  before  that  time. 
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time  the  battery  was  taken  off.     It  is  uot  usual  to  take  more  thu 
6  earth  readiDga. 

EtectrtficatioD  readings  are  oext  taken  with  the  copper  pole  of 
the  battery  comiected  to  the  cable.  For  this  purpose  the  gecoud 
reversing  key  of  the  galvanometer  should  be  clamped  down,  and 
the  first  one  released,  so  as  to  reverse  the  iDHtmment ;  the  plugs 
of  the  batterj-  switch  should  then  be  inserted  so  that  the  battery 
aends  its  current  to  the  cable  in  the  reverse  direotion  to  that  it  did 
at  first:  this  beitig  done,  the  defiectioos  on  the  galvanometer 
shonld  he  noted  at  intervals  of  a  minttte,  as  before,  until  the 
same  number  of  readings  are  obtained.  The  readings  in  this  omc 
should  l)e  the  same  as  those  observed  when  the  zino  pole  was 
joioed  up,  that  is,  provided  the  oable  is  sound,  aud  also  provided 
it  is  free  from  any  absorbed  charge  when  the  current  is  put  on. 
The  current  which  causes  the  earth  defleotionB,  however,  continues 
for  a  oonstderable  period,  and  therefore  to  render  a  cable  neutral 
after  it  has  been  tested  with  any  particular  current  it  requires  to 
be  put  to  earth  for  a  certain  time,  which  varies  aooording  to  tliB 
length  of  the  cable.  If  the  latter  is  uot  more  than  10  or  15  milM 
long,  half  an  hour  will  usually  be  sufficient  to  render  it  nentralt 
but  greater  lengths  require  a  proportionately  longer  time.  It  can 
easily  be  seen  when  the  absorbed  charge  is  got  rid  of,  for  if  the 
oable  is  neutral  no  deflection  will  be  observed  on  depressing  the 
short  circuit  key,  but  if  a  charge  is  still  retained  a  slight  constant 
deflection  will  be  produced. 

445.  When  the  oable  la  put  to  earth  great  care  must  be  taken 
that  the  short  cirouit  key  K  (Fig.  162,  page  386)  is  first  raised, 
otherwise  the  whole  static  discharge  (which  is  quite  distinct  from 
the  current  which  causes  the  earth  deflections)  will  pass  through 
the  galvanometer  coils  aud  the  needles  may  be  demagnetised  or,  at 
least,  their  magnetic  power  be  altered. 

446.  Although  it  is  advisable  if  possible  to  take  a  set  of  readin^rx 
with  a  zinc  and  with  a  ooppor  current,  the  cable  being  neutral  b 
both  cases,  yet  if  time  is  an  object  the  test  with  the  copper  current 
(which  is  usually  made  after  the  test  witli  the  zinc  current)  can 
be  taken  before  the  earth  current  due  to  the  zino  test  has  ceased. 
In  this  case  however  the  average  readings  will  be  higher  than 
would  be  the  case  if  the  oable  were  neutral,  in  fact  if  we  take  the 
last  of  the  earth  readings  observed  in  the  case  of  the  einc  test,  and 
we  deduct  it  from  the  first  minute  electrificarion  reading  of  the 
copper  test,  then  the  result  should  approximately  equal  the  firift 
minute  electrification  reading  of  the  zinc  test.  Thus  in  the  case  of 
the  cable  the  zinc  readings  on  which  were  giveu  on  page  387,  the 
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eleotrifioation  readings  obtained  with  the  oopper  pole  of  the  battery 
connected  to  the  cable,  were  as  follows : — 


Minutes* 
raectrlfication. 

1 

2 

3 

4 

5 

6 

7 

H 

9 
10 
11 
12 
13 
14 
15 


Deflectioo. 

227 
200 
189 
182 
178 
174 
171 
168 
165 
168 
161 
159 
157 
156 
155 


Now  the  last  earth  reading  taken  in  the  case  of  the  zinc  test 
(page  389)  was  22,  and  this  deducted  from  227  (the  first  oopper 
electrification  reading)  gives  205,  which  is  the  first  zinc  electrifica- 
tion reading  (page  387). 

In  making  ihe  test  in  practice,  as  soon  as  the  last  earth 
reading  of  the  zinc  test  is  observed,  the  galvanometer  short 
circuit  key  should  be  raised  and  the  battery  reversed,  then  one 
minute  after  this  moment  the  first  electrification  reading  should 
be  noted. 

When  a  copper  current  test  is  made  in  the  foregoing  manner, 
that  is  to  say  with  the  cable  not  neutral,  we  cannot  compare  all 
the  oopper  with  all  the  zinc  readings,  as  it  would  be  necessary  to 
make  a  deduction  from  each  of  the  former ;  but  inasmuch  as  these 
deductions  would  have  to  be  less  and  less  from  each  successive 
reading  (for  the  earth  current  which  causes  the  copper  reading  to 
average  lower  than  the  zinc  reading  is  a  continually  decreasing 
quantity)  and  as  we  do  not  know  at  what  rate  the  diminution 
takes  place  we  cannot  make  the  comparison;  the  uniformity  of 
the  electiification,  however,  and  the  approximate  agreement 
between  the  first  minute  zinc  reading,  and  the  first  minute  copper 
reading  minus  the  last  zinc  earth  reading,  is  sufficient  to  indicate 
the  condition  of  the  cable  under  test. 

When  all  the  electrification  readings  with  the  oopper  current 
are  observed  a  set  of  earth  readings  should  be  taken  as  in  the  case 
of  the  zinc  current  electrification  test.  The  first  earth  reading 
added  to  the  last  electrification  reading  should,  in  this  case, 
approximately  equal  the   first  zinc  electrification  reading.     In 


the  oable 
folIowB : — 


HANDBOOK   OF   BLECTBICAL  TESTING. 
D  qnestion  the  aotuot  earth  readings  observed  were  H 

After  I  minnte 


I 


I 


It  will  be  seen  that  in  this  case  the  first  earth  reading,  viz.  50. 
added  to  the  last  electrification  reading,  viz.  155,  ia  205,  which  ii 
the  Bame  as  the  first  zioc  electrification  reading. 

447.  If  there  is  not  time  to  take  readings  both  with  the  zinc 
and  copper  currents  the  zinc  should  be  the  one  employed,  as  io 
the  ease  of  a  fault  it  renilerH  the  latter  more  apparent,  the  copper 
current  having  the  effect,  to  a  certain  extent,  of  sealing  np  a 
defect. 

The  measurements  being  made,  the  resistance  at  the  end  of  the 
first  minute  with  the  zinc  current,  and  the  percentage  of  electrifica' 
tion  between  the  first  and  second  minuto  and  (in  the  case  of  a 
completed  cable)  also  between  the  lat  and  last  ("usually  the  ISth 
minute)  should  be  worked  out.  It  is  not  usual  or  neoessary  to 
carry  the  calculations  beyond  this. 

448.  When  the  cable  is  connected  to  the  testing  instruments 
by  a  long  leading  wire,  then  at  the  commencement  of  the  t««t 
the  end  of  the  lead  should  be  disconnected  from  the  cable,  and 
insulated  ;  if  any  deflection  is  observable  on  the  galvanometer 
when  the  battery  current  is  put  on,  this  deflection  must  be  sub- 
tracted from  the  deflection  obtained  when  the  cable  is  attached  to 
the  lead.  In  making  this  correction  care  must  be  taken  that  the 
same  shunt  (if  any)  is  connected  to  the  galvanometer  as  will  be 
employed  when  tho  cable  is  connected  to  the  lead,  or  if  no  »hnnt 
is  used  with  the  lead  the  necessary  allowance  for  this  must  not  be 
forgotten  to  be  made. 

The  ends  of  the  lead  must  be  trimmed  in  the  same  manner  as 
the  euds  of  the  cable. 

The  practical  way  of  noting  down  and  working  out  these  testa 
will  be  found  in  Chapter  XXVI. 

449.  At  the  works  of  Messrs.  Siemens  &  Co.,  Charlton,  the 
method  which  has  been  described  of  testing  the  completed  cable 
is  not  generally  adopted,  the  following  test  being  preferred : — 
Tho  testing  battery  is  Hpplied  through  a  galvanometer  to  the  cable 
ill  tho  usual  way,  and  readings  for  five  oonsocutivo  minutes  with 
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tibe  nno  pole  of  the  batteiy  to  the  cable  aze  olnenred,  the  batteiy 
is  then  immediately  reTeraed  and  frre  moze  minnte  readings  taken ; 
the  batteiy  is  then  again  reversed,  and  so  on  until  six  sets  of  fi^e 
minnte  readings  have  been  noted,  viz.  three  with  a  zino  and  three 
with  a  oopper  cnrrenty  taken  alternately.  K  the  cable  is  in  good 
condition,  then  the  last  two  sets  of  readings  shonld  be  identical  in 
'valne. 

450.  When  a  large  nmnber  of  cables  have  to  be  tested  daily  at 
m  fikstory,  any  contrivances  or  methods  for  shortening  calcolations 
note  of  great  valne.  Now  the  nse  of  shnnts  of  different  valnes  for 
obtaining  readable  deflections  on  the  galvanometer  scale  with 
different  cables  is  oontinnal,  and  the  working  out  of  the  multi- 
plying power  of  these  shunts  is  a  somewhat  tedious  operation 
when  a  large  number  have  to  be  calculated.  If  the  resistance  of 
the  galTanometer  used  for  making  the  tests  were  constant,  a  small 
table  could  easily  be  calculated  which  would  show  the  multiplying 
power  of  any  particular  shunt  at  a  glance ;  but  the  resistance  of  a 
galvanometer  varies  considerably  with  change  of  temperature,  and 
therefore  under  ordinary  conditions  a  table  of  the  kind  cannot  be 
employed. 

A  very  simple  method  of  getting  over  this  difficulty,  due,  it 
is  believed,  to  Mr.  Herbert  Taylor,  has  been  adopted  in  the 
testing  rooms  of  the  Telegraph  Gonstmction  and  Maintenance 
Company.  The  method  is  to  have  a  small  set  of  resistance 
ooils  directly  in  circuit  with  the  galvanometer,  so  that  the 
resistance  of  the  latter  can  practicaUy  be  always  preserved  the 
same. 

The  resistance  of  the  ordinary  reflecting  galvanometer  usually 
avenges  between  5000  and  6000  ohms ;  by  having  the  galvano- 
meter wound,  therefore,  so  that  in  the  hottest  weather  the  latter 
value  is  never  exceeded,  and  by  having  a  set  of  resistance  ooils 
adjustable  from  1  up  to  about  1000  ohms,  the  resistance  in  the 
circuit  can  always  be  kept  up  to  6000  under  all  conditions,  and* 
therefore,  a  table  giving  the  multiplying  power  of  shunts  for  a 
galvanometer  of  6000  ohms  resistance  can  alwa3rs  be  made  use 
of.  Tables  of  this  description  will  be  found  at  the  end  of  the 
book.  The  tables  also  give  the  combined  resistance  of  the  gal- 
vanometer and  shunt,  which  may  sometimes  be  required  to  be  taken 
into  account. 

451.  In  the  insulation  testing  of  submerged  cables  the  effects 
of  earth  currents  are  often  to  render  the  readings  somewhat 
unsteady,  so  that  considerable  discrimination  is  required  to  deter- 
mine whether  the  observed  unsteadiness  is  due  to  this  cause  or  to 


r 
I 
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tlie  exUtence  of  a  fault.  In  the  cose  of  eingle  cored  cables  th«XB 
no  method  of  eliminatiag  these  effects  of  earth  cmrenta,  bat  if  thfl 
cable  U  multiple-cored  then  Mr.  F.  jHoob  points  ont  that  hy  a 
sitnple  deviue  tbo  earth  current  difficulty  cuu  be  entirely  elimi- 
nated and  exoelient  reeults  obtaioed.  This  device  consists  in 
testing  two  of  the  cores  at  the  same  time,  the  second  core  being 
cunaected  to  the  pole  of  the  battery  which  in  the  ordinary  inBola- 
tion  teat  is  put  to  earth,  and  the  battery  being  well  inBulated.  In 
this  case  the  total  measured  insulation  of  the  two  cores  is  double 
that  of  a  single  core,  hence  the  mean  insulation  per  mile  of  the 
total  length  of  two  cores  will  be  the  total  mcaaored  insulation 
multiplied  by  one-half  the  length  of  one  core, 

452.  Mr.  Jacob  further  points  out  that  this  method  may  bo 
applied  in  other  teats,  those  for  oapacity,  for  example,  it  being 
only  requtHite  to  replace  all  the  connections  which  are  usually  put 
to  earth,  by  connections  to  the  other  core,  the  distant  ends  of  the 
two  cores  of  course  being  left  separated  and  insulated.  In  this 
case,  since  the  two  cores  are  in  aeries,  the  joint  capacity  of  the  two 
will  be  one  half  that  of  a  single  core,  so  that  the  c-apacity  of  one 
core  will  be  double  that  of  the  total  measured  capacity. 

If  a  condenser  of  large  capacity,  i.  e.  of  a  capacity  not  gi«atly 
disproportionate  to  the  total  capacity  under  test,  ia  available,  the 
earth  current  effect  could  probably  be  greatly  reduced  by  inter- 
posing this  condenser  between  the  testing  apparatus  and  the  cable 
under  test.  In  this  case  if  F,  be  the  oapacity  of  the  cable,  Fj  the 
capacity  of  the  condenser,  and  /  the  joint  capacity  (in  cascade)  of 
the  two,  then  (page  289,  S  316), 


I 


QtuH 


4£3.  As  multiple  core  cables  usually  have  not  less  than  i 
cores,  by  making  a  series  of  tests  in  the  manner  indicated  for  oon- 
duotor  resistance  tests  in  S  258,  page  243,  the  individual  insulation 
resistance  of  eaoh  wire  can  be  obtained  in  a  precisely  similar  way. 
If  two  separate  cables  which  lie  between  the  same  termini  are 
tested  on  Mr.  Jacob's  plan,  the  readings  obtained  will  be  much 
steadier  than  when  eaoh  cable  is  tested  separately  in  the  ordinary 
manner,  but  they  will  seldom  be  absolutely  steady,  showing  how 
local  and  variable  the  earth  current  changes  are.  In  order  to 
aucerlaiu  the  individual  insulation  ul'  each  cable  from  a  Wat  of 
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this  kind,  the  approximate  relative  values  of  the  insulation  of  each 
cable  can  be  ascertained  by  balancing  one  cable  against  the  other 
in  a  Wheatfitone  bridge,  and  then  dividing  the  total  observed 
insulation  of  the  two  in  the  proportion  of  these  relative  values. 

454.  It  may  be  mentioned  that  it  has  been  proved  experi- 
mentally *  that  the  insulation  resistance  of  a  cable  core  or  insulated 
wire  in  perfect  condition  is  the  same  whether  it  is  measured  with 
a  low  or  with  a  high  battery  power.  It  has  been  stated,  however, 
that  this  is  not  the  case  when  the  power  is  of  several  thousand 
volts  potential. 

*  The  <Kleotrioal  Beview,'  April  11th,  1890,  page  383;   •Journal  of  the 
Institutioii  of  Electrical  Engineers,^  No.  95,  page  620. 
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CHAPTEB  XVI. 

MEASUREMENT  OF  RESISTANCES  BY  POTENTIALS. 

455.  There  are  two  distinct  ways  of  measaring  resistanoee  by 
potentials : — 

Ist.  By  noting  the  fall  of  potential  along  a  known  resistanoe 
with  which  the  unknown  resistance  is  in  connection. 

2nd.  By  noting  the  rate  at  which  a  condenser,  of  a  known 
capacity,  loses  its  potential  when  it  discharges  itself  throngh  the 
unknown  resistance. 

Fall  op  Potential  Method. 

456.  If  we  connect  a  battery  to  a  resistance  B  +  a?»  as  shown 
by  Fig.  163,  the  potential  of  the  battery  may  be  regarded  as* 
fsJling  regularly  along  the  resistance,  being  full  at  a  and  zero 

Fio.  163. 


at  c.  The  same  would  be  the  case  if  c  and  d  were  connected  to- 
gether instead  of  being  put  to  earth.  By  similar  triangles  we 
have 


therefore 


or 


V  :  I? : :  R  +  ^  '•  ^> 

V  a  =  17  R  +  I? «, 

a;  ( V  —  p)  =  R  r, 
See  Chapter  Xt,  page  300,  §  333. 
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from  which 

Y  being  the  potential  at  a,  and  v  the  potential  at  h.  So  that,  if  B 
is  a  known  resistance,  we  can — by  observing  the  values  of  V  and 
V — determine  the  value  of  x^ 

For  example. 

If  R  =  1000  ohms,  V  =  300,  and  »  =  200,  then 

•""^^^^'SOO^O"  2000  ohms. 

457.  The  relative  values  of  the  potentials  can  be  measured  by 
means  of  a  condenser.  To  do  this  we  should  join  up  our  condenser 
and  galvanometer,  as  shown  by  Fig.  126,  page  292,  the  only 
difference  being  that  the  terminals  which  are  there  represented 
as  being  in  connection  with  a  battery  would,  in  the  present  case, 
be  connected  to  the  points  a  and  d  (or  c)  for  determining  V,  and  to 
h  and  d  (or  c)  for  determining  v.  The  condenser  discharges  in  the 
two  cases  give  V  and  v. 

Another,  and  for  most  cases  a  preferable,  method  of  measuring 
the  potentials,  is  to  insert  a  galvanometer  between  the  point  at 
which  the  potential  is  to  be  measured  and  the  earth,  there  being 
in  the  circuit  a  resistance  several  thousand  times  greater  than  the 
resistance  of  the  conductor  of  the  cable.  The  permanent  defleo- 
tions  in  this  case  indicate  the  potentials  (§  334,  page  301). 

458.  Instead  of  measuring  the  potential  Y,  we  can,  if  we  please, 
at  once  determine  the  vcdue  of  Y  —  v  by  connecting  the  wires  from 
the  condenser,  &o.  (or  from  the  galvanometer  and  high  resistance), 
to  the  points  a  and  b ;  the  deflection  in  this  case  at  once  gives  us 

Y  ~  V.    So  that  if  we  call  v'  this  difference  of  potential,  we  get 

«  =  R'-;.  [B] 

459.  The  oonditionB  for  making  the  test  by  fonnnla  [A]  in  the  best  ponible 

manner  are  preoisely  similar  to  those  in  the  case  of  the  **  Divided  Charge  Method  " 

of  measuring  the  electrostatic  capacity  of  a  cable  or  condenser  (page  357)  ;  for 

equation  [A]  (page  358)  in  this  latter  test  is  similar  to  (though  not  identical  with) 

equation  [A]  (given  above)  of  the  test  under  consideration.    We  must,  in  fact, 

V 
adjust  B  until  we  make  v  approximately  equal  to  - ,  that  is  to  say,  we  must  make 

B  about  twice  as  large  as  x. 
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In  the  case  of  equation  [B]  (piige  397)  the  eonditloiuiere  slSghflj  difltfteiii»&r 
here  theqoantityty'  xepleoee(y  -  v),  and elthoag^  i^  aadCY  —  •)  we6qwl,7ft 
inasmuch  as  «<  is  the  resolt  of  a  single  obserfatioii  only*  then  oaa  ba  hut  om 
error  in  it;  oonsequently,  to  determine  the  best  eonditioDB  fbr  making  the  tett, 
we  most  taice  equation  [A]  (page  397),  and  assmne  an  enror  9  to  eziiit  in  •  only. 

Let  ^  be  the  error  in  x  caused  by  an  error  S  in  «,  then 


V -(«+«>• 
but  nnce 

«  =  R  Y  ZiTif*  ^»    K  *  *  — ^   9 
therefore 

/V-e  e+d  \  Y9 

or,  since  d  is  a  very  small  quantity,  we  may  say 

Vd 

■ 

Now  we  haYe  to  make  A  as  gmaU  as  poHible;  this  we  shall  do,  sinoe  ar,  V, 
and  d,  are  constant  quantities,  by  making  v,  ( V  —  o)  as  large  as  possible. 
But 


cv-.,  =  l..(I-.V, 


V 

and  to  make  this  expression  as  large  as  possible  we  must  make  -^  —  o  as  small 

as  possible ;  that  is,  since  v  must  be  posittTe,  we  must  make  it  equal  to  0,  or 


therefore 

but 

therefbro 

in  which  case  we  get 


^-t,  =  0, 


V  =  2v; 

»'  =  V  -  V, 

a;=R; 


that  is  to  say,  in  order  to  make  the  test  as  accurately  as  possible,  we  most  make 
R  approximately  equal  to  x. 

460.  If,  instead  of  introduoing  the  unknown  reaistanoe  x^  and 
the  known  resistanoe  B,  between  the  points  a  and  c,  we  join  the 
pole  a  of  the  battery  direct  on  to  b,  we  can  determine  the  value  of 
X  by  simply  noting  V,  and  then  inserting  an  adjustable  resigtanoe 
in  the  place  of  a;,  and  altering  it  until  we  make  the  potential  at  h 
to  l>e  V,  as  at  first,  when  of  course  x  =  H. 
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Best  OondiUons  for  making  the  Test 

461.  In  the  case  of  formula 

«  =  E^^.  [A] 

make  B  approximately  equal  to  2  a;. 
In  the  case  of  formula 

«  =  Bj.  [B] 

make  R  approximately  equal  to  x. 

Poeetble  Degree  of  Accuracy  aiiainable. 
In  the  case  of  formula  [A] 

Percentage  of  accuracy  =   -—/^ — ^-r —  • 
In  the  case  of  formula  [B], 

Percentage  of  accuracy  =  — ^_J — f ;  L^J 

where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
V,  V,  and  r'  can  be  read. 

Loss  OF  Potential  Mkthod. 

462.  In  Chapter  XIII.,  page  342,  an  equation 

T 
F= 1 

2-303  Rlog- 

was  obtained,  where  F  was  the  electrostatic  capacity,  in  micro* 
farads,  of  a  condenser,  or  cable,  the  potential  of  whose  charge  fell 
from  y  to  V  when  it  was  discharged  during  T  seconds  through  a 
resistance  of  B  megohms. 

Now  if  F  is  the  known  and  B  the  unknown  quantity,  then 

T 
R  = y  ; 

2-303  Flog - 

60  that  we  can  determine  the  value  of  a  resistance  by  a  capacity 
and  loss  of  charge  measurement. 

463.  The  connections  for  making  such  a  test  would  be  precisely 
similar  to  those  given  for  determining  electrostatic  capacities  by 
loss  of  charge  (§  390,  page  347). 


r 
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If  we  were  meaBiiring  the  teeiBtaiico  of  a  abort  cable  by  ti 
method,  the  diecharge  deflection  V,  compared  with  the  dbcbsrg*  I 
deflection  obtained  with  the  same  bHttery  from  a  staudard  con- 
denser, would  give  ub  the  value  of  F.     For  long  cables,  howeT«r,ae 
we  have  before  explained,  thia  doea  not  give  correct  results,  ao  the   , 
capacity  must  he  delerinined  by  otlier    methoda,  Thomaon'B  fo 
example  (page  348). 

464.  From  (S  333,  page  343)  it  ia  obviouB  that  we  must  have 


Beet  Condiliani  for  making  the  Teat, 


Possible  Degree  of  Accuracy  attainable. 
2008 


I 
1 


Percentage  of  accuracy  =  R  - 


where  S  is  the  fraction  of  a  division  to  which  each  of  the  i 
tiotis  V  and  o  can  be  read. 


Gott'h  Proof  Cosdehseu  MErnoD. 

46C.  An  excellent  method  of  determining  the  relative  values  of 
V  and  V  in  the  foregoing  teat  has  been  suggested  by  Mr.  J.  Gott. 
This  method  avoids  the  necessity  of  discharging  the  cable,  and 
consists  in  applying  what  may  be  termed  a  "proof"  condenser  to 
the  latter,  and  then  measuring  the  discbarge  from  the  same.  This 
condenser  ahould  he  of  small  capacity,  so  as  not  to  remove  an 
appreciable  portion  of  the  charge  from  the  cable  ;  If  this  is  the  case 
it  is  obvious  that  the  discharge  obtained  from  the  condenser,  after 
it  has  been  connected  for  a  few  seconds  to  the  cable  at  any  particular 
time,  will  represent  the  potential  which  the  cable  baa  at  that  time. 

4(iti.  When  the  insulation  resistance  of  a  cable  is  measured  by 
the  foregoing  methods,  the  result  obtained  is  a  mean  of  the  resist- 
ances which  the  cable  has  at  the  commencement  and  at  the  end  of 
the  teat,  ae  eleclrifieation  (page  386)  goes  on  the  whole  time  the 
charge  ia  falling. 

467.  Experimental  resnlts  show  that  in  the  case  of  a  oable 
whose  ooro  ia  insulated  with  gutta-percha,  if  the  cable  be  charged 
10  aecouds  before  taking  the  discharge  V,  and  again   10  soconds 
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before  insulating  it  preparatory  to  observing  the  discharge  r,  then 
the  value  of  B  after  1  minute,  obtained  from  the  formula,  agrees 
with  that  obtained  by  the  constant  deflection  method  given  in  the 
lastj  chapter  (§  436,  page  385). 

468.  If  we  know  the  potential  which  the  cable  has  when  fally 
charged,  and  also  its  potential  after  a  certain  time,  we  can  determine 
the  potential  it  will  have  after  any  other  time,  in  the  following 
manner : — 

A  charged  cable  loses  equal  percentages  of  its  charge  in  equal 
times,  that  is  to  say — if,  for  example,  5  per  cent,  of  its  charge  were 
lost  during  the  first  second,  then  five  per  cent,  of  what  remained 
would  be  lost  in  the  second  second. 

Let  Y  be  the  potential  at  first ; 

V        „  „        after  1  sec. ; 

Vi       „  „  „    ti  sees,  y 

^2  »>  »  M      '2       » 

and  let  us  suppose  the  charge  loses  -th  of  its  potential  during  the 
first  second ;  then  the  potential  at  the  end  of  first  second  will  be 

V-^  =  »  =  V^;  [1] 

and  the  potential  at  end  of  second  second  will  be 

v-l;  [2] 

but  from  equation  [1]  we  get 

•       V 
n  = 


therefore,  substituting  this  value  in  [2]  the  latter  quantity  becomes 

— ,    which  equals    V (=\  , 

and  consequently  the  potential  at  the  end  of  i^  seconds  will  be 


Also  we  must  have 


2  D 
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therefore 


t 


log' 


andt 


to   = 


log'^ 


that  if), 


logy 

log  ^  log  - 

log^  ^ 

For  example. 

The  potential  at  first  was  300  (Y),  and  after  20  seoonds  (t|)  it 
fell  to  200  (t^i).    After  what  time  (<a)  would  it  fall  to  100  (r^)? 

300  2-4771218 

^^100       on       2-0000000      „^       ^^ 
'^  =  7-300  ^  ^^  =  F477T2r3  X  20  =  54  sees. 

^^200  2-3010300 

469.  It  being  usually  required  to  know  the  time  the  charge  in 
a  cable  will  take  to  fall  to  half  charge,  the  formula  becomes 

,    _  -30103    . 
log- 

470.  The  formulao  we  have  given  are  capable  of  various 
modifications,  which,  however,  are  more  of  a  fanciful  thw  of  an 
actual  and  practical  value. 

Thus  the  formule 

T                               T 
K  = y,  and,  F  =  tt 

F  log,  I  B  log.  ^ 

V 

may  be  simplified  if  we  make  v  =  — ,  for  in  this  case 

V 

log.-  =  log.2  =  -693; 

V 
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therefore 

T  T 

To  obtain  experimentally  the  time  occupied  in  falling  to  half 
charge,  repeated  trials  would  be  necessary,  and  the  time  taken  in 
doing  this  would  hardly  compensate  for  the  advantage  of  using  a 
simpler  formula. 

The  object  of  obtaining  the  time  of  fall  to  half  charge  is  to  get 
a  convenient  unit  for  comparison  with  other  cables,  and  this  time 
of  fall  is  easily  calculated  from  the  formula  before  given,  in  which 
the  potential  after  any  time  may  be  used,  this  being  obtained  by 
one  observation  only. 

A  useful  formula  is  that  suggested  by  Mr.  W.  H.  Preece,  which 
is  obtained  in  the  following  manner : — 

In  the  equation 

'30103 
'2  —  Y  •  '1 

log  — 

»i 

let  n  =  percentage  of  loss  of  time  <^,  then 


therefore 


„  _  (V  -  ot)  100  ■ 


„  100  -  n 
"'  =  ^     100- ' 


substituting  this  value  of  v^  in  the  above  equation,  we  got 

__        -30103  ^ '30103 

*'  "   1  100      '   '       2-000  -  log  (100  -  ft)  '  *  • 

^^  100  -  n 

For  example. 

If  a  cable  lost  20  per  cent,  of  its  charge  in  five  minutes ;  in 
how  many  minutes  would  it  fall  to  half  charge  ? 

t  -  -30103  ^  5  _  ,5,32.. 

'^  -  2-000  -  log  (100  -  20)  ^  *  -  ^'"'^  • 

471.  From  the  equations 

v(f)'...., 
v(^)'.  =  .„ 

2  p  2 
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we  oan  find  what  would  be  the  potential,  v^  afiber  a  certua 
interval  of  time,  <2*  ^^  potential  at  first,  and  the  potential  0|,  after 
a  time,  ti  being  given. 

Thus  we  have  from  the  above  equations 

therefore 


^'a 


-^(?) 


This  formula  we  should  have  to  work  out  by  the  aid  of 
logarithmio  tables. 

Far  example. 

The  potential  of  the  charge  in  a  cable  when  full  was  300  (V). 
After  20  minutes  {t^)  the  potential  fell  to  200  (v{).  What  would 
be  the  potential  v^  at  the  end  of  30  minutes  (Jt^  ? 

log  2=         -3010300 
log  3  =  -4771213 

1 • 8239087 
3 

2\r-4717261 

a-'7358631 
log  300  =  2-4771213 

2-2129844  =  log  of  163-3. 

472.  In  connection  with  the  foregoing  tests  it  may  be  men- 
tioned that,  in  testing  cables,  it  is  very  usual  to  make  fall  of  charge 
measurements,  but  not  to  work  out  the  results  by  any  of  the  fore- 
going formula).  The  general  practice  is  to  simply  calculate  and 
record  the  percentage  of  fall. 
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CHAPTEB  XVII. 

LOCALISATION  OF  FAULTS  BY  FALL  OF  POTENTIALS. 

Glabk's  Method. 

473.  In  Fig.  1 63  (page  396)  in  the  last  chapter,  if  &  c  were 
a  portion  of  a  cable  making  full  earth  at  e,  then  by  determining 
&  c  by  the  method  described  we  should  find  the  position  of  the 
break. 

Supposing,  however,  a  cable  had  a  fault  which  did  not  make 
full  earth,  then  the  potential  would  not  fall  to  zero  at  that  point, 
but  would  have  a  value  depending  upon  the  resistance  of  the  fault. 
The  potential,  however,  would  be  the  same  as  the  potential  at  the 
further  end  of  the  cable,  provided  that  end  were  insulated. 

If  we  can  determine  the  value  of  this  potential,  we  can  readily 
localise  the  position  of  the  fault. 


Fig.  164. 


In  Fig.  164  let  h  ehe  the  cable  which  has  a  fault  at  c,  the  end 
of  the  cable  at  e  being  insalated;  and  let  B  be  the  resistance 
between  the  battery  at  the  end  of  the  cable  &,  then 


therefore 


or 


V  —  »! : «  —  t?! : :  R  +  a? :  a? ; 
OJ  (V  —  t7i)  =  (t7  —  t^i)  E  +  (»  —  ©i)  0?, 

a.[(V  -  t;,)  -  (i;  -  rO]  =  B(f;  -  rO; 
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therefore 

*-"(V-«,)-Cf-^)' 

tliat  is, 

474.  If,  M  explained  in  the  last  tost  {§  457,  page  397),  we  at 
onoe  deterraioe  the  value  of  V  —  t,  by  connecting  the  wires  from 
the  condenser,  &c.  (or  from  the  galTanometcr  and  high  rcBistsnce), 
to  the  points  a  and  b,  then  if  we  oall  c'  this  difTerenoe  on  potential, 


a  get 


tento^n 


475.  In  order  to  determine  the  relative  valnea  of  the  poteni 
at  the  two  ends  of  the  cable,  their  Tallies  with  reference  to  some 
standard  of  potential  or  electromotive  force  must  he  obtained. 
Fur  this  purpose  any  of  the  standard  cells  mentioned  in  Chapter 
VII.  ("page  149)  may  be  used. 

The  way  in  which  such  atimdard  cells  would  be  employed  for 
making  the  test  we  have  been  considering,  would  be  as  followa  ;  — 

The  electrician  at  a  charges  a  condenser  from  one  of  the 
standard  cells,  and  notes  the  disoharge  deflection  on  bis  galva- 
nometer. This  deflection,  then,  represents  the  potential  of  the 
cell. 

The  wires  from  the  standard  cell  are  now  disconnected,  one 
wire  is  oonnected  to  earth,  and  the  other  to  a,  and  again  a 
discharge  reading  is  taken  ;  then  this  reading,  divided  by  the 
reading  obtained  with  the  standard  coll.  gives  the  value  of  V  in 
terms  of  the  standard  coll.  The  wite  at  a  is  then  diBOonneoted 
and  Joined  to  b,  and  another  discharge  ueosared,  wMch  result 
divided  by  the  stnndai'd  discharge  gives  the  value  of  v  in  terms  of 
the  standard  cell. 

The  eleotrioian  at  the  other  end,  e,  of  the  cable  makee  a  similar 
test,  and  thus  determines  the  value  of  i>,. 

Since  the  fltandard  cells  at  the  two  stations  ore  exactly  equal 
in  electromotive  force,  the  relative  values  of  V,  o,  and  p,  will  be 
obtained  exactly. 

The  capacities  of  the  condensers  at  the  two  stations,  it  a 
observed,  need  not  be  alike. 


it  ma]^^| 

J 
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For  example. 

The  diacharge  deflection  obtained  from  a  condenser  at  station  e 
with  a  standard  cell,  was  180  divisions ;  and  the  potential  «^, 
measured  from  the  same  oondenser,  gave  a  discharge  deflection  of 
360  divisions ;  therefore 

360      ^  ^ 

At  the  other  end  of  the  cable,  from  a  standard  cell  of  the  same 

electromotive  force  as  the  one  employed  at  station  e,  a  discharge 

deflection  of  150  divisions  was  obtained  from  a  condenser.     The 

potentials  Y  and  v,  measured  with  the  same  oondenser,  gave 

deflections  equivalent  to  2550  and  1050  divisions  respectively; 

therefore 

^       2550      ,„  ^ 

V  = =  17*0 

^         150  • 

V  = =  7*0. 

150 

B  was  equal  to  1000  ohms.     What  was  the  value  of  a;? 

7-2 

X  =  1000  -yTZTi  =  500  ohms, 

showing  that  the  fault  was  500  ohms  distant  from  the  end  h  of  the 
cable.  If  the  length  of  the  cable  were,  say,  80  knots,  and  its  total 
conductivity  resistance  800  ohms,  or  10  ohms  per  knot,  then  the 

distance  of  the  fault  from  h  would  be  --p-,  or  50,  knots. 

The  value  of  v^  when  obtained  at  e  would  be  telegraphed  to  h ; 
this  could  be  done,  since  the  cable  would  not  be  entirely  broken 
down. 

If  the  potentials  are  measured  by  observing  the  permanent 
deflections  obtained  through  a  high  resistance  (§  334,  page  401), 
the  observations  with  the  standard  cells  must  be  made  in  the 
same  manner. 

476.  In  making  the  test  we  are  liable  to  make  errors  in  V,  f),  and  v„  and 
these  errors  will  produce  the  greatest  total  error  in  x  when  the  errors  in  V  and 
V,  are  minus,  and  the  error  in  v  is  plus ;  let  each  of  the  errors  be  8,  and  let  \  be 
the  total  error  produced  in  s,  we  then  have 

^  4.  X  -  R^"  +  ^  "  (^«  r  «)  -  rIZ^iJiA* 
«  +  A  -  K^y  -  «)  -  (r  +"«)  -  "  V  -  r  -  2«  ' 
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or 


but 


therefore 

bat,  ainoe  8  is  small,  we  may  say 

2d(V-»,) 
^  =  *(t^-t,.)(V-^)' 
or 

28(V-Vi) 


X  =  a5 


(t^-t^i)[(V-r,)-(»-r.)] 


Now  if  we  regard  (Y  —  Vj)  as  a  constant  quantity,  then  in  order  to  make  A  as 
small  as  possible  we  mnst  make  the  denominator  of  the  fraction  as  small  as 
possible ;  firom  (§  458,  page  897),  we  can  see  that  in  order  that  this  m^y  be  the 
case  we  must  make 

that  is  to  say,  we  mnst  make  R  approximately  eqnal  to  x. 

In  the  case  of  formula  [B]  (page  406)  the  conditions  for  making  the  test  io 
the  most  satisfactory  manner,  are  slightly  different  from  the  foregoing ;  for  since 
(Y  —  v)  in  this  case  is  obtained  by  a  single  measurement,  v\  there  can  be  but 
one  error,  8,  in  it.    We  haye,  in  fact, 

[V-o      r-v,  +^5        -|  _         d(2V  -t?- t?0 

but,  since  8  is  very  smaU,  we  may  say 

8(2V--g-p,) 
^-^(t;-t;,)(V-c)' 
or 

8[2(V-r,)-(t)-t>03 
^-*(r-rO[(V-c,)-(t>-r|)y 

Now  this  equation  is  of  the  same  form  as  equation  [F]  (page  117),  consequently 
the  inyestigation  there  given  may  be  applied  to  the  present  case.  In  the  latter, 
the  coefficients  of  (V  —  ©,)  and  (»  —  ©,)  are  2  and  —  1  respectiyely ;  if  there- 
fore, in  equation  [G]  (page  117)  we  substitute  —  ^  for  ^  and  also  if  we  substitute 
X  and  B,  for  C,  and  C|,  respectiyely,  we  shall  obtain  the  conditions  we  require ; 
we  have  then 

=  (B-r,)  1-7071: 
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that  is  to  Bay,  we  must  haye 

R  =  1-7071  jr. 

Practically  we  may  say,  make 

R  =  2x 
approximately. 

We  have  therefore 

Best  CondUionafor  making  the  Test. 

All.  In  the  case  of  the  formula 


make  B  approximately  equal  to  x. 
In  the  case  of  formula 


t;  —  17 


«  =  B^^^*  [B] 


V 


make  E  approximately  equal  to  2  a;. 

Possible  Degree  of  Accuracy  attainable. 

> 

In  the  case  of  formula  [A] 

S  (V  -  r,)  200 
Percentage  of  accuracy  .    _  ^  YTY^^  ' 

In  the  case  of  formula  [6] 

_          ^          .                      8(2t;'+t;-rOlOO 
Percentage  of  accuracy  =  — ^ — ^  s.     1 > 

where  S  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
can  be  read. 

Siemens'  Equal  Potential  Method. 

478.  In  Fig.  165  (page  410)  let  B  E  he  the  cable  which  has  a 
fault  at  c,  or  and  y  being  the  distances  on  either  side  of  the  fault, 
and  z  the  equivalent  length  of  the  latter.  Suppose  that  one  pole  of 
a  battery  is  connected  at  B,  the  other  pole  being  to  earth,  then  if 
the  end  of  the  cable  at  E  is  insulated  we  shall  have,  as  in  the  last 
test,  the  potential  at  E  to  be  the  same  as  the  potential  at  the  fault. 
Next  suppose  that  the  battery  at  B  is  removed,  and  that  that  end 
of  the  cable  is  insulated ;  then,  if  a  battery  is  connected  to  E,  of 
such  a  strength  that  the  potential  at  the  fault,  and  therefore  at  B, 
is  the  same  as  was  the  potential  at  E  in  the  first  case,  then  V^  will 
be  the  new  potential  at  E. 


410 
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Now, 
therofure 


Vi  -  i;^  :  V2  —  «i  : :  a; :  y, 

y    ^2-17/ 

If  Z  be  the  length  of  the  cable,  then 

I  =  x  +  y,    or,    y  =  Z  —  a? ; 

I  —  X  .   V2  ~  •'i ' 
Fig.  165. 


therefore 


Ir, 


^,-'' 


that  is, 


or 


X  (V,  -  r,)  =  /  (Vi  -«,)-«  (V,  -  r.). 


For  example. 

In  a  faulty  cable  500  knots  (Z)  long,  after  adjusting  the  poten- 
tials according  to  the  foregoing  method,  the  values  of  the  same  were 

found  to  be 

Vi  =  200, 

Va  =  300. 

t?!  =  40. 

What  was  the  distance  (a;)  of  the  fault  from  B  ? 

200  -40 


X  =  500 


(300  -  40)  +  (200  -  40) 


s  190-5  knots. 


479.  In  making  the  test  practically,  the  following  course  would 
be  pursued : — 

Station  B  firat  connects  one  pole  of  a  batter}'  direct  on  to  the 
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cable,  the  other  pole  being  to  earth,  whilst  E  meulates  bis  end  of 
the  cable.  This  being  done,  B  notes  the  potential  V,,  and  E  the 
potential  v,.  When  B  thinks  that  snflioieiit  time  has  elapsed  for  E 
to  have  taken  his  observation,  he  removes  the  battery  and  insnlatos 
his  end  of  the  cable.  E  noting  that  his  potential  has  fallen  to  zero 
connects  ap  his  speaking  apparatus,  and  B  having  done  the  same, 
£  communicates  to  B  the  result  he  has  obtained. 

Station  E  now  connects  up  his  battery  to  the  cable,  taking  caro 
that  the  pole  connected  to  the  latter  is  similar  to  that  employed  by 
6  in  the  first  instance.  The  latter  observes  the  potential  at  his 
end  of  the  cable,  and  if  it  is  not  the  same  as  that  previously  ob- 
tained at  E,  he  informs  the  latter,  by  means  of  signals  agreed  upon, 
that  such  is  the  case,  whereupon  E  increases  or  decreases  his 
battery  power,  and  regulates  it  by  varying  a  resistance  in  its  circuit, 
until  the  potential  at  B  is  made  the  same  as  it  was  at  E  on  the 
first  occasion.  The  potential  V,  is  then  noted  by  E,  and  the  result 
being  reduced  to  terms  of  a  standard  cell,*  is  communicated  to  B. 
The  latter  station,  having  also  reduced  his  results  to  terms  of  a 
standard  cell,  then  works  out  the  formula,  and  thus  determines  the 
position  of  the  fanlt. 

480.  For  localising  faults  in  long  cables  this  method  is  more 
ftocurato  than  tho  previous  one,  as  it  is  not  so  much  influeuced  by 
the  regttllant  fault  f  pioduced  by  the  conductive  power  of  the  insu- 
lating sheathing,  more  especially  if  the  fault  is  near  the  middle  of 
the  cable. 

It  must  lie  understood  that  both  tests  are  only  accurate  in  cases 
^here  the  total  insuUtion  resistance  of  the  cable  is  very  high  com- 
j>areS  with  the  resistance  of  the  fault,  for  in  such  cases  the  fall  of 
jjotential  is  practically  represented  by  a  straight  line,  and  the 
formulBB  are  constructiMi  on  this  assumption. 

When,  however,  the  cable  is  very  long  ami  the  total  insulation 
resistance  consequently  comparatively  low,  then  the  potential  can- 
not be  regarded  as  falling  regularly  from  end  to  end,  but  must  be 
graphically  represented  by  a  curve,  and  tho  potential  at  tho  fault 
is  less  than  that  indicated  in  the  straight  line  diagram,  and  the 
potential  at  the  extreme  end  is  lower  than  this  still.  The  exact 
formula  for  these  tests  are  considered  in  Chapter  XXII. 

461.  From  the  nature  of  the  test  it  must  bo  evident  that  there 
are  no  particular  cimJitions  wiiich  enable  a  maximum  degree  of 
aoouracy  to  be  obtained,  except  in  so  far  that  the  battery  power 
employed  should  be  sufficient  to  enable  high  deflections  to  b#l 
produced. 

•  Bee  S  474.  p.^-o  HHi.  t  Stw  §  aOG,  j«Kf'  Z 
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Potsible  Degree  of  Accuracy  attainable. 


2 


Percentage  of  accuracy  =  = . 

where  &  is  the  fraction  of  a  division  to  which  each  of  the  deflectioM 
oan  be  read. 

Siemens'  EtjuiLiQBitiM  UtrriiOD.* 

482.  If  two  batteries  have  their  o|ipoBite  poles  connected  to  tha 
ends  of  a  perfect  cable,  their  other  poles  being  to  earth,  then  the 
fall  of  potential  along  the  cable  is  continuous  and  cute  the  latter 
at  a  certain  point.  The  position  of  thia  point  can  be  varied  by 
altering  the  relative  electromotive  foroee  of  the  batteriea,  or  by 
adding  in  resistanceB  between  the  batteries  and  the  ends  of  the 
cable.  In  the  case  of  a  faulty  cable,  if  tho  fault  is  at  this  point, 
then  no  current  passes  from  the  fault  to  earth,  ounsequeutly  any 
alteration  in  the  resiBtance  of  the  fault  does  not  afiect  the  Tolnea 
of  the  potentials  at  the  different  points  along  the  line  of  &I1. 


By  observing   what  arrangement   of  resistanoea  and  cleotro- 
'  motive  forces  is  necessary  to  bring  tho  zero  point  to  the  fault,  the 
position  of  the  littor  can  be  accurately  determined. 

In  Fig.  1G6  let  x  and  y  be  the  portions  of  the  cable  on  either 
side  of  the  fault,  and  let  r,  r  be  equal  reslstanoes  connected  to 
either  end  nf  tho  cable,  also  lot  R,  and  R^  be  resistances  whose    ' 
values  can  be  varieil  at  pleasure. 

Vow,  in  making  the  test  we  have  to  adjust  R,  and  B^  so  that 
the  ^lotential  at  the  fault  shall  be  at  zero,  and  consec|uenUy  that 

■  ■  Jaurnul  of  tho  Socioly  of  Tolegropb  EnKineei*,'  Vol.  V.,  page  Gl.  Tliis 
niolhod,  it  shonld  bo  romorkuiJ,  ia  BubBtniitially  Uie  snmo  lu  that  devised  by 
U.  Emilo  Laeoints  nnd  dcwrilKxl  in  Vol,  IV.,  page  97.  of  llio  Bume  jounuil. 
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A  B  shall  be  a  straight  line.    To  obtain  this  resnlt  we  mnst  have 


or 


and  also 


or 


and  again 


»i :  »2  •  •  ^  •  y» 


X       y  ' 


Vi :  Ti : :  r  +  a :  a?, 


T7  ^l^ 


or 


V2:t72::r  +  y:y, 

Va  -  t?2  =  -^  =  -*- ; 
y         « 

from  which  we  get 

that  is  to  say — in  order  that  A  B  may  be  a  straight  line  the  dif- 
ferences of  the  potentials  on  either  side  of  r,  at  both  ends  of  the 
cable,  must  be  the  same. 

483.  To  obtain  this  resnlt  in  practice  only  one  of  the  resistances 
Rj  and  Rj  ^^^  ^  adjusted.  The  best  way  of  making  the  test 
would  then  be  as  follows  : — 

The  two  stations  should  first  adjust  their  galvanometers  by 
means  of  the  movable  magnets  so  that  they  both  give  precisely 
the  same  deflections  when  a  current  from  a  standard  cell  through 
a  standard  resistance  is  sent  through  them.  This  being  done, 
batteries  E^  and  Ej  are  connected  by  the  two  stations  on  to  the 
ends  of  the  cable,  and  then  the  adjusted  galvanometers  are  severally 
connected  on  each  side  of  the  respective  resistances  r  and  r  at  the 
two  stations,  there  being  in  the  circuit  of  each  galvanometer 
very  high,  but  equal,  resistances.  Station  A,  say,  now  adjusts  R, 
and  watches  the  effect  on  his  galvanometer ;  B  also  watches  the 
effect  on  his  own  gtdvanometer,  and  from  time  to  time  signals  to  A 
the  deflection  he  obtains  :  this  signalling  is  easily  done  by  havinir 
the  front  contact  of  a  well-insulated  key  connected  to  the  end  of 
the  cable,  and  the  back  contact  connected  to  earth,  whilst  the  lever 
of  the  key  is  connected  to  one  terminal  of  a  small  condenser  whose 
second  terminal  is  to  earth.  By  pressing  down  this  key  a  small 
quantity  of  the  charge  in  the  cable  will  rush  into  the  condenser, 
and  a  momentary  movement  of  the  galvanometer  needle  at  station 
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A  will  be  piodnced ;  bj'  anangbig  then  that  ao  many  movenifiiiti 
shall  lepreeent  a  pardcalar  deflection,  B  can  easily  oommnnicate 
his  resnlta  to  A. 

When  exact  adjustment  is  obtained,  that  is  to  say,  when 
(V^  —  Vi)  and  (Y,  —  v,)  are  eqnal,  the  galTanometers  are  dis- 
connected from  either  side  of  r  and  r,  and  the  potential  V|  u 
ineasurod  ;  x  is  then  obtained  from  the  formula 

whore  v'  equals  (Y^  *  o^),  as  in  the  ^  Fall  of  Potential  Method  "  of 
measuring  a  resistance,  page  396. 

484.  To  make  the  foregoing  test  as  aoourately  as  possible  it 
is  advisable,  for  the  reason  explained  in  §  458,  page  397  (after 
the  Taluo  of  x  has  been  obtained  by  a  rough  test),  to  adjust  r  and 
r  so  that  they  shall  each  be  approximately  equal  to  x. 

With  regard  to  the  '*  Possible  degree  of  accuracy  attainable," 
we  are  liable  to  make  an  error  in  obtaining  the  value  of  Y^  —  v^, 
but  inasmuch  as  Y^  —  o^  may  itself  contain  an  error  due  to 
Y2  —  V3  being  incorrectly  measured,  the  actual  total  error  which 
may  exist  in  x  must  be  twice  that  given  by  formula  [C]  (page  399) ; 
consequently  we  have 

Best  Conditions  for  making  the  Test. 
Mako  r,  r,  each  approximately  equal  to  x. 

Possible  Degree  of  Accuracy  attainable, 

S  (ri  +  »')  200 
reroentage  of  accuracy  = — -r » 

where  8  is  the  fraction  of  a  division  to  which  each  of  the  deflections 
can  be  read. 
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CHAPTER  XVIIL 

TESTS  DURING  THE  LAYING  OF  A  CABLE. 

485.  The  immediate  detection  of  a  fault  which  may  occur  in 
a  cable  daring  its  submersion  is  a  point  of  great  importance.  To 
enable  this  to  be  done,  a  good  system  of  testing  is  requisite. 

Whatever  the  system  be,  it  should  be  a  continuous  one,  that 
is  to  say,  the  cable  should  be  continuously  and  visibly  under  test, 
so  that  the  moment  a  fault  occurs  it  may  be  detected  by  the  ship 
and  traced. 

System  for  Compound  Cables. 

486.  For  laying  cables  which  are  not  more  than  200  miles  or 
so  in  length,  and  which  have  several  wires,  the  method  shown  by 
Fig.  167,  may  be  employed. 


SHIP 


Fio.  167. 


SHORE 


In  this  system  the  wires  are  all  connected  up  in  one  continuous 
length  as  shown.  Should  there  be  an  odd  number  of  wires,  the 
odd  one  would  have  to  be  coupled  on  to  one  of  the  others  in 
"  multiple  arc." 

In  Fig.  167,  gi  and  ^2  *^  ^^^  ordinary  "detector"  galvano- 
meters weU  insulated.  The  battery  e,  of  one  or  two  cells  (also 
well  insulated),  keeps  a  continuous  current  oirculating  through 
these  galvanometers  and  the  conducting  wires  of  the  cable ;  this 
serves  as  a  "  continuity  "  test,  for  if  any  of  the  wires  should  break 
within  their  insulating  sheathing,  the  circuit  becomes  interrupted, 
and  consequently  the  needles  of  both  galvanometers  will  fall  back 
to  zero.     In  the  case  of  a  cable  with  an  odd  number  of  wires,  should 
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tho  condnctor  of  eitlier  of  the  two  which  are  coupled  together 
bocamo  broken,  then  the  needles  will  only  fall  back  a  little  way  and 
not  back  to  zoro  ;  I  hiu,  .however,  will  be  quite  sufBcient  to  indicate 
tbut  the  oonductjiT  is  fraotured. 

The  galvanometer  G  is  of  the  marine  deeoriptjoii,  sbown  on 
page  S-i,  and  is  connected  to  one  of  the  wires.  The  battery  B, 
of  about  200  colls,  keeps  a  continnous  current  flowing  through  the 
golvftuometer  and  through  the  iuBulating  covering  of  the  wires. 
If  a  fault  occurs  in  the  insulation,  tho  current  by  escaping  direct 
to  earth  causes  an  immediate  and  very  largo  increase  in  the  doSeo- 
tion  of  the  needle  of  G. 

In  order  to  keep  up  oommunicatiou  with  the  shore,  the  onrrent 
from  battery  e  is  reversed  after  lierlain  equal  intervals  of  time.  If 
the  shore  perceives  that  the  reversal  has  not  taken  place,  or  that 
the  ueedlo  of  g.^  is  not  steadily  deflected,  be  knows  that  something 
has  gone  wrong,  or  that  the  ship  wishes  to  commuuicate  with  him, 
and  he  joins  up  his  speaking  apparatus  and  tries  to  commmiioate 
with  the  ship.  The  galvanometers  g^  Eind  g^  could  be  used  for 
this  purpose  by  having  well  insulated  keys  inserted  in  their 
circuit  at  the  ebip  and  sliore,  these  kej-s  being  so  arranged  that 
their  deprosaion  breaks  the  circuit ;  tho  movements  of  the  needles 
could  then  be  worked  according  to  the  ordinary  Mors©  code,  and 
communication  be  kept  up  witliout  intemipting  the  insalation 
test. 

System  for  Single;  Wike  Cables. 

487.  The  method  just  described  is  only  applicable  to  a  cable 
which  has  more  than  one  wire,  for  although  with  tho  latter  the 
insulation  test  would  be  kept  up,  there  would  bo  no  moans  of  com- 
municating with  tho  shore.  In  such  cases  the  following  plan  may 
be  adopted  : — 

Tho  end  of  the  cable  on  board  the  ship  is  well  insulated,  anil 
connected  to  a  battery  and  Thomson  galvanometer  as  in  tho 
previous  test  and  as  sbowu  by  Fig.  108  (page  417).  On  shore 
(Fig.  169)  a  condenser  is  provided,  one  teriniuHl  of  which  is 
connected  to  a  brass  lever  which  plays  between  two  iuaolated 
contacts  ;  one  of  thcee  contacts  is  connected  to  the  second  terminal 
of  the  coidenser,  which  latter  terminal  is  also  connected,  through 
a  Thomson  galvanometer,  to  earth ;  the  other  contact  is  connected 
to  the  conductor  of  the  cable.  The  battery  connected  to  the  cable 
on  board  the  ship  charges  the  former  to  a  certain  potential,  and 
the  value  of  this  potential  will  be  the  same  throughout  the  whole 
length,  provided  no  fault  exists.     If  tho  lever  on  shore  be  moved 
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against  the  contact  connected  to  the  cable,  a  portion  of  the  charge 
in  the  latter  will  rush  into  the  condenser  and  will  charge  np  the 
Bet  of  plates,  to  which  it  is  connected,  to  the  same  potential  as  the 
cable ;  the  second  set  of  plates  will  become  charged  to  the  opposite 
potential  by  a  charge  rushing  in  from  earth  through  the  galvano- 
meter;  this  in-rush  will  produce  a  throw,  or  momentary  deflec- 


Fi(i.  168. 
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tion  of  the  needle,  the  amount  of  which  will  represent  the 
potential  of  the  charge  in  the  condenser,  that  is,  the  potential  at 
the  end  of  the  cable.  If  now  the  lever  be  moved  from  the  cable 
contact  to  the  contact  connected  to  the  condenser,  the  latter  will 
be  short  circuited  and  discharged.  The  rush  of  the  charge  into 
the  condenser  when  the  latter  is  connected  to  the  cable  contact, 
produces  a  simultaneous  rush  into  the  cable  from  the  battery  on 
the  ship,  and  as  this  takes  place  through  the  galvanometer  on 
board  the  ship  a  sudden  throw  is  produced  on  the  needle. 
Now  if  a  fault  occurs  during  the  laying,  the  steady  deflection  on 
the  ship's  galvanometer,  which  is  due  to  the  flow  of  current 
through  the  dielectric  of  the  cable,  and  which  is  distinct  from  the 
throw  which  takes  place  when  the  condenser  becomes  connected  to 
the  cable  at  the  shore  end,  becomes  greatly  increased  and  renders 
the  presence  of  the  fault  evident  immediately.  On  the  shore  the 
effect  of  the  fault  is  to  reduce  the  potential  at  that  end  of  the 
cable,  and  consequently  the  charge  which  the  condenser  takes 
becomes]  correspondingly  reduced;  when  then  the  condenser 
becomes  charged  through  the  galvanometer,  a  reduced  throw  is 
produced,  which  thus  shows  the  shore  the  existence  of  the  fault. 

The  lever  on  shore  which  charges  and  discharges  the  condenser 
is  moved  by  clockwork  which  causes  it  to  act  every  five  minutes, 
80  that  every  hour  twelve  throws  are  observed  on  each  galvano- 
meter. At  the  end  of  every  hour  the  ship  reverses  the  battery 
BO  that  the  direction  of  the  throws  is  changed. 

In  order  to  enable  the  ship  to  communicate  with  the  shore,  in- 
structions are  given  that  if  at  the  end  of  the  hour  the  throws  do 
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not  bemtiDc  revereed,  or  if  ther  hMwme  revere*^  before  the 
tinn  of  tli-  hotir,  it  isaei^  thmt  the  ship  wishes  to  eommnniotU 
n-ith  the  ebore  :  in  this  caae,  then,  the  sbure  disoonneots  the  calile 
&om  the  clock  lerer  and  ixintiect«  it  with  the  speaking  appantiu, 
and  as  ihe  ship  dties  the  sam«,  the  neoeaMiy  oommaiiicationa  wn 
b«  CRiried  on.  If,  on  the  oih«r  band,  the  shore  wishes  to  call  the 
attcntioD  of  the  ship,  he  can  do  ao  hy  moTing  a  lever,  corresponding 
tn  the  clock  lerer,  two  or  three  times  quickly  by  hand  j  the  ship 
then  ohserving  that  the  throws  on  her  galvanometer  take  place 
qnickly,  inet«ad  of  at  intervals  of  five  minnt««i,  immediately  joins 
np  her  speaking  apparatus,  and  thns  conimnnicates  with  the 
ahoro. 

The  movement  of  the  lever  L  in  the  foregoing  system  of  teatiiig 
is  effected,  as  has  been  pointed  out,  by  meaiiH  of  a  clock,  bat  L  maj 
be  a  hand-worked  kqr,  and  this  is  sometimes  preferred.  a«  although 
a  clock  ensnres  the  discharges  being  obtained  after  regular  interrali 
of  time,  yet  the  hand  method  ensures  the  neceesai?  watchfnlBMi 
of  the  electrician  on  shore,  which  is  a  point  of  importance. 


WiLLODGnsT  Smith's  Ststeu. 
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488.  For  long  single-wire  cables  a  refinement  of  the  foregoing 
method,  devised  by  the  late  Mr.  Willonghby  Smith,  has  been 
adopted.     This  system  is  shuvm  by  Fige.  170  and  171  (page  4I9J. 

On  shore,  the  cable  is  connected  to  a  key  K,  galvanometer  G„ 
and  condensor  C,  as  in  the  last  method  of  te«ting.  To  the  cablo 
there  is  also  connected  a  resistance  in  circuit  with  a  galvanometer 
G.  This  resistance  is  very  much  greater  than  the  total  insulation 
reeistance  of  the  cable,  and  consequently  it  does  not  appreciably 
affeot  the  potential  measured  by  the  key  K,  whilst  it  allows  sufficient 
current  to  pass  through  tbe  galvanomoter  G  to  prodnce  a  sensible 
deflection  of  its  needle. 

The  high  resistance  is  made  of  selenium,  and  it  mnst  he  care- 
fully exoladed  from  light,  and  kept  at  as  uniform  a  temperature 
as  possible,  otherwise  it  will  vary  considerably. 

On  the  Hbip  ihe  cable  is  connected  to  a  slide  resistance  Wheat- 
stone  bridge  similar  to  that  sbown  by  Fig.  89.  page  222. 

The  working  of  the  apparatus  is  then  as  follows: — 

Ou  the  ship,  plugs  are  inserted  at  p,  and  p,  and  balance  is  kept 
on  the  galvanometer  G^  by  adjusting  the  slides  of  the  slide  i 
snces,  the  resistance  B  being  preserved  constant.     This  g 
insulation  of  the  cable. 
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Galvanometer  Gg  is  kept  short  circuited  under  ordinary  con- 
ditions, it  being  only  used  occasionally  for  the  purpose  of  ascer- 
taining whether  the  batteries  are  in  good  condition. 


Fio.  170. 
SHORE. 


CahU 
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Should  it  be  thought  advisable,  as  a  check,  to  take  an  ordinary 
deflection  insulation  test,*  this  can  be  done  by  removing  the  plugs 
j>i  and  P2  9  ^^  current  then  passes  direct  from  the  battery  through 
the  galvanometer  G4  into  the  cable. 

On  shore  the  potential  at  the  end  of  the  cable  is  observed  on  Gj 
by  depressing  the  key  E  every  five  minutes.  The  deflections 
obtained  are  noted  and  recorded. 


Page  385. 
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The  battery  E  is  reversed  every  fifteen  minntee  by  the  ship, 
and  this  is  observed  on  the  galvanometer  G  and  shows  that  the 
conductor  of  the  cable  is  entire.  If  the  ship  requires  to  com- 
municate with  the  shore,  it  reverses  the  battery  several  times  after 
short  intervals ;  this  is  acknowledged  by  the  shore  by  means  of  the 
key  E  ;  when  this  is  done,  the  shore  moves  over  the  switch  S,  and 
leceives  signals  from  the  ship  on  galvanometer  O3  through  the 
medium  of  the  condenser  Cj.  The  insulation  test  is  not  interrupted 
by  this  signalling,  as  the  cable  remains  insulated  the  whole  time. 
The  effect  of  working  the  signalliug  key  E,  is  only  to  add  or  sub- 
tract a  little  from  the  charge  in  the  cable  through  the  medium  of 
the  condenser,  and  thereby  to  produce  momentary  deflections  on 
the  galvanometer  O3.  The  same  in  the  case  when  the  shore  signals 
to  the  ship,  the  switch  Sj  being  moved  over  to  key  E^  for  that 
purpose. 

Various  slight  modifications  have  been,  and  are,  employed  in 
practically  using  this  method,  but  the  general  arrangement  is  that 
which  has  been  indicated. 
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CHAPTER  XIX. 

JOINT-TESTING. 

489.  Joints  are  the  weak  points  in  a  cable,  and  it  is  therefore 
essential  that  they  should  be  not  only  carefully  made  but  carefully 
tested. 

A  joint,  being  a  very  short  length  of  the  core,  offers,  or  should 
offer,  a  very  high  resistance ;  it  would  consequently  be  impossible 
to  test  it  by  a  direct  deflection  method,  that  is,  a  method  similar 
to  that  by  which  the  insulation  resistance  of  a  cable  is  taken 
(page  885).  Even  with  a  very  powerful  battery,  the  galvanometer 
deflection,  provided  the  joint  were  good,  would  be  quite  inappreci- 
able. One  or  other  of  the  following  methods  must  therefore  be 
adopted. 

A  condenser  can  be  charged  through  the  medium  of  the  joint, 
and  after  a  noted  time  the  discharge  taken,  which  gives  the  amount 
which  has  leaked  through  the  joint.  This  is  known  as  Clark's 
accumulcUion  method. 

Or  a  charged  condenser  may  be  allowed  to  discharge  itself 
through  the  joint,  and  the  amount  lost  after  a  certain  time 
noted. 

In  both  these  methods  the  discharge  deflections  are  compared 
with  the  results  obtained  with  a  few  feet  of  perfect  core. 

Clark's  Accumulation  Method. 

490.  A  gutta-percha  or  ebonite  trough  is  provided,  which  is 
suspended  by  long  ebonite  rods  from  any  convenient  hook. 

The  good  insulation  of  the  trough  is  a  point  of  great  import- 
ance, and  consequently  the  suspending  rods  should  be  quite  dry 
and  clean.  The  most  effectual  way  of  obtaining  this  result  is  to 
well  scour  the  surface  of  the  ebonite  with  a  glass  or  emery  paper ; 
this  is  a  much  better  method  than  covering  the  surface  with  hot 
paraffin  wax  as  is  sometimes  done. 

491.  We  may  here  remark  that  surface  leakage  is  almost  the 
only  medium  of  loss  to  be  feared  in  electrical  apparatus,  and  this 
should  always  be  seen  to  by   keeping  all  surfaces  over   which 
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leakage  is  likely  to  occur,  in  proper  condition.  The  pecoliar 
formation  of  ebonite  causes  minute  quantities  of  snlphuxic  add 
to  form  on  its  surface,  so  that  the  latter  should  be  often  rubbed 
over  with  a  dry  cloth.  Hot  paraffin  wax  painted  over  the  diy 
surfaces  is  very  advantageous,  but,  where  appearance  is  im- 
material, nothing  is  so  effectual  as  a  surface  well  scoured  with 
glass  or  emery  paper. 

492.  The  trough  is  filled  with  water,  and  the  joint  to  be  tested 
is  immersed  and  held  down  in  it  by  two  hooks  placed  at  the 
bottom. 

The  portion  of  the  core  on  either  side  of  the  joint  should  be 
carefully  dried  (not  paraffined),  for  the  same  reason  that  the  sua- 
pending  rods  were  so  treated. 

The  connections  for  the  test,  shown  by  Fig.  172,  are  very 
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Fig.  172. 


CahUf 


%Joint 


similar  to  those  shown  by  Fig.  126,  page  292 ;  the  only  difference 
being  that  the  pole  of  the  battery,  which  in  that  figure  was  con- 
nected directly  to  the  condenser,  is,  in  the  joint  test,  connected 
to  it  through  the  medium  of  the  joint.  The  battery  used  should 
be  as  large  as  possible;  200  Daniell  cells  is  the  power  ver>' 
commonly  employed. 
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493.  After  the  joint  is  placed  in  the  trough  for  testing,  it  is 
necessary  to  see  that  the  latter  is  sufficiently  well  insulated.  To 
do  this  the  pole  of  the  Lattery,  which  for  the  regular  test  would 
be  connected  to  the  core,  must  be  connected  to  the  wire  attache:^ 
to  the  plate  in  the  trough,  and  the  discharge  key  pressed  down ; 
this  charges  the  condenser ;  the  Lattery  being  then  disconnected 
from  the  plate,  an  interval  of  time  (usually  one  minute)  equal  to 
that  which  would  be  occapied  by  the  test  of  the  joint,  is  allowed 
to  elapse,  and  then  the  ^^  Discharge  "  trigger  is  pressed  and  tho 
discharge  noted ;  this  should  be  equal,  or  very  nearly  so,  to  the 
instantaneous  discharge. 

494.  The  good  insulation  of  the  trough  being  satisfactorily 
obtained,  and  the  connections  being  made  as  shown  by  Fig.  172 
(page  422),  the  short-circuit  plug  of  the  condenser  must  be  inserted 
in  its  place,  the  discharge  key  pressed  down,  and  then  the  short- 
circuit  plug  removed ;  the  battery  then  charges  the  condenser 
through  the  joint. 

After  a  certain  time,  usually  one  minute,  the  discharge  deflec- 
tion must  be  noted.  A  bimilar  measurement  must  also  be  made, 
using  a  length  of  perfect  core  in  the  place  of  the  joint.  If,  in  the 
latter  case,  the  discharge  deflection  after  the  same  interval  of  time 
is  much  less  than  that  obtained  from  the  joint,  the  latter  is 
defective  and  must  be  remade. 

495.  It  is  a  very  important  point  in  making  the  test  to  insert 
the  short-circuit  plug  in  the  condenser  previous  to  depressing  the 
discharge  key  ;  if  this  is  not  done,  an  induced  charge  is  thrown 
into  the  condenser  by  the  sudden  rush  of  the  battery  current  into 
the  core  when  the  discharge  key  is  depressed.  This  induced 
charge  will  give  a  considerable  deflection  when  the  condenser  is 
discharged,  which  deflection  is  in  no  way  due  to  leakage  through 
the  joint,  though  it  might  be  mistaken  for  such.  By  keeping  the 
condenser  short  circuited  this  induced  charge  is  dissipated. 

496.  If  the  joint  is  good,  the  discharge  deflection  seldom 
exceeds  two  or  three  divisions.  Indeed,  the  fact  that  it  does  not 
do  so  is  usually  a  quite  sufficient  proof  of  the  soundness  of  the 
joint,  and  it  is  not  often  the  case  that  a  comparison  with  a  piece  of 
perfect  core  is  necessary  . 

IJISCUAKGE   MkTHOD. 

497.  This  is  a  reversal  of  the  foregoing,  and  consists  in 
charging  the  condenser  full  and  letting  it  discharge  itself  through 
the  joint. 
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^K  The  ooDDectioiM  for  mmkiog  this  test  would  I>e  similar  to  tlum 
^Bnoployed  in  meaeniiiig  high  resistances  by  the  loss  of  potential 
^Patethod  given  in  Chapter  XYL,  page  399  (3  4G2),  the  one  end  of 
^K  the  oon  taking  the  place  of  one  end  of  the  leeibtance,  and  the  plate 
'        in  the  tioagh  the  place  of  ihe  other  end. 

496.  When  a  joint  is  made  in  a  cable  core  at  sea,  neither  end  can 
be  got  aL  The  joint,  however,  coald  be  tested  hy  malting  the 
oonnections  as  for  the  discharge  method  of  testing,  only  instead  of 
joining  the  core  to  the  condenser  terminal,  the  latter,  and  alsu 
the  cable  end,  would  be  put  to  earth.  To  carry  oat  the  test  in 
this  manner,  arrangements  would  have  to  be  made  with  the  shora, 
prBvious  to  the  nuuiafactnre  of  the  juint,  that  at  a  oertaia  time 
,e  end  of  the  cable  aball  be  pnt  to  earth. 
As  a  matter  of  fact,  joints  made  at  aea  are  never  tested,  thongh 
[  there  seemu  no  reaKon  why  they  sfaonld  not  be  so. 

499.  We  may  if  we  please,  in  both  the  foregoing  tests,  place 
the  galvanometer  between  the  back  terminal  of  the  key  and  tlie 
condenser,  nud  join  tbe  two  terminals  from  which  it  waa  removed, 
by  a  piece  of  wire.  Wo  should  then  get  a  charge  as  well  as  a 
discbarge  deflection,  and  tbere  is  this  advantage,  thut  if  the 
joint  is  very  bad  or  the  trough  not  well  insulated,  we  should 
get  a  permanent  deflection  after  the  charge  deflectiun  has  lakon 

500.  The  connections  should  always  be  so  made  that  the  sino 
p<>le  of  the  battery  is  connected  to  the  core  and  tho  copper  pole  to 
the  plate. 

601.  It  is  very  advisable  to  employ  a  special  condenser  for 
making  these  tests,  for  if  one  is  used  which  hns  been  charged  at 
any  time  with  a  high  battery  power,  it  will  often  bo  found  that  a 
portion  of  this  charge  will  have  I^ecome  absorbed,  and  when  tbe 
condenser  is  loft  to  ilsolf,  this  portion  will  become  free  and  givo 
a  dincbargc  which  may  be  mistaken  for  an  accimndatiuu  through 
tho  joint. 
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IJJ02.  Although  tbo  preceding  methods  of  testing  arc  often 
only  ones  which  can  bo  adopted,  yet  when  possible  it  is  best  te 
make  joint  tests  by  means  of  an  electrometer,  as  the  results  are 
always  more  trustworthy  than  those  obtained  by  the  condenser 
method,  since  they  are  free  from  tbe  souroe  of  error  mentioned 
at  the  end  of  tbe  last  puragruph. 
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Fig.  173  shows  the  connections  for  making  this  test,  which 
is  executed  in  the  following  manner : — 

After  the  insertion  of  the  joint  in  the  trough,  the  insulation 
of  the  latter  must  be  tested ;  this  is  done  by  pressing  down  key 
K^  and  moving  the  switch  S  over  to  its  wdl  insulated  contact 


Fio.  173. 


/iut^ 


stop  8 ;  this  puts  the  ten-cell  battery  E^  in  connection  with  the 
quadrants  of  the  electrometer,  and  thereby  charges  them  and 
causes  a  steady  deflection  of  the  needle.  Key  K^  being  kept 
depressed,  switch  S  is  now  opened  and  the  deflection  watched 
for  two  minutes  to  see  whether  there  is  any  sensible  fall  due  to 
the  charge  on  the  quadrants  leaking  to  earth  through  the  medium 
of  the  trough  ;  if  this  loss  is  only  equal  to  two  or  three  divisions, 
the  insulation  of  the  trough  may  be  considered  to  be  good. 

Key  E^  is  now  released  and  switch  S  closed  so  as  to  discharge 
the  electrometer.  Switch  S  is  now  again  opened  and  key  K^ 
depressed;  this  puts  the  200-cell  battery  E2  in  connection  with 
the  core  of  the  cable,  and  the  momentary  ru^ih  of  current  into  the 
latter  causes  an  induced  charge  to  rush  out  of  the  trough  and  pro- 
duce a  sudden  deflection  of  the  electrometer  needle  ;  it  is  usual  to 
record  this  deflection,  although  it  is  of  no  value,  except  to  show 


420  HANDBOOK  OP  ELECTRICAL  TESTIKG. 

that  tho  various  connections  have  been  properly  made,  and  tlut 
the  joint  has  been  placed  in  the  trough. 

Key  E,  being  kept  depressed,  switch  8  is  now  moved  over  to  i 
(so  as  to  discharge  the  electrometer),  and  then  again  opened.  The 
8calo  of  the  electrometer  is  then  watched,  as  the  current  leaking 
through  the  joint  into  the  trough  accumulates  and  caiuses  a 
gradually  incroasing  deflection  of  the  needle ;  the  amount  of  this 
deflection  should  be  noted  at  the  end  of  one  and  two  minutes  after 
the  opening  of  the  switch. 

After  the  observations  with  the  joint  have  been  made,  a  piece 
of  pi'rfoct  core  must  be  inserted  in  the  trough  and  a  aimilar  test 
executoil,  the  results  of  which  should  not  differ  much  from  those 
obtained  with  the  joint.  It  always  happens  that  a  joint  gives  a 
greater  accumulation  than  an  equal  length  of  perfect  core,  unlees 
iiulecd  the  joint  has  been  made  several  days  before  being  titled, 
which  is  seldom,  if  over,  the  case. 
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CHAPTER  XX. 

SPECIFIC  MEASUREMENTS. 

503.  In  order  to  compare  the  relative  "Conductivity,"  "In- 
sulation," and  "Inductive  Capacity"  of  the  materials  used  in  the 
cx)n8truction  of  the  cores  of  submarine  and  other  cables,  it  is 
neoessiiry  that  each  of  them  should  be  expressed  in  terms  of  some 
unit  with  virhich  the  comparison  can  be  made. 

The  standard  conductivity,  resistance,  and  inductive  capacity 
units  are  respectively  the  conductivity,  resistance,  and  inductive 
capacity  between  the  opposite  faces  of  a  centimetre  cube  of  an 
imaginary  material  having  a  oondactivity,  resistance,  and  induc- 
tive capacity  represented  by  1 ;  and  the  conductivity,  resistaxioe, 
or  inductive  capacity  of  any  material  expressed  in  terms  of  a 
centimetre  cube  of  the  latter,  are  respectively  the  specific  con- 
duciivity,  specific  restsiance,  and  specific  inductive  capacity  of  the 
same. 

Relative  Conductivity. 

504.  For  practical  purposes,  "  specific  conductivity  "  expressed 
in  terms  of  a  centimetre  cube  is  not  a  convenient  unit  for  com- 
parison, the  generally  adopted  standard  is  that  of  pure  (according 
to  Dr.  Matthiessen)*  copper  taken  as  100 1.    • 

Now,  experiments  by  Dr.  Matthiessen  have  proved  that  1  foot 
of  pure  soft  copper  wire  weighing  I  grain  has  a  resistance  of 
"  2262  ohm  at  a  temperature  of  24°  Cent.,  which  is  equivalent  to 

•  Improvements  which  have  recently  been  effected  in  the  manufacture  of 
copper,  have  enubU-d  better  renults  to  be  obtained  than  that  given  by  Matthicssen's 
btandtird.  Wire  giving  101  per  cent,  conductivity  ia  frequently  met  with,  and 
1C2  per  cent,  is  not  uncommon.  It  may  be  mentioned  thut  the  specific  gravity 
of  the  copper  with  which  Matthiesseu'd  experiments  were  made  appiais  to  have 
been  about  8*88. 

t  The  actual  resistance  of  a  centimetre  cube  of  pure  soft  copper 
(Matthiesseu'tf),  at  75°  F.  is  '000001769  ohm,  conbcquently  the  specific  con- 
ductivity is  =  565.300.     But  since  the  standard  for  pure  copper  is 

takeu  at  100,  if  we  wi^h  to  obtain  the  actual  specific  conductivity  of  any  wire 
we  must  multiply  its  percentage  of  conductivity  by  565300  and  divide  by  100, 
i.  e.  We  must  multiply  tlie  percentage  by  5653. 
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a  reeiBtance  of  '  2261  obm  at  75°  Fahr. ;  conBequently,  I  feet  of  a 
wire  at  the  latter  temporature  will  have  a  rcBiBtance  of  /  X  ■  23ti!| 
ohmB.     But/  feet  uf  the  wire  will  weigh, not  I  grain,  but  I  g 
and  therefore  the  resistance  of  I  feet  weighini;  1    grain  tntut^ 
I  X   -2261  X  I,  or,  i'  x   -2261  ohmB ;  anil,  further,  if  the  l| 
voighed  w  grains  then  the  resiatance  would  be 
Fx  -2261  ^^^^ 

10 

Dut,  egain,  the  resistance  of  the  wire  will  vary  with 
temperature,  consequently  to  obtain  the  resistance  at 
particular  temperature  we  must  correct  the  same  by  meanB  of  a 

ooeEGcient  k ;  we  have  then 

Rosistanoe,  li,  of  I  feet  of  pure  copper  I  _  P  X  '2261 
wire  weighing  lo  grains  f  "*        u  k 

Tiio  numerical  value  of  k  for  varions  tdnperatures  is  given  b 
Table  IV.  • 

Having  thus  obtained  a  eimple  fiirraula  which  expreeecft  Uu 
relation  between  the  length,  &c.,  and  the  roBiBtance  of  a  pure 
copper  wire,  wo  arc  in  a  position  to  determine  the  relalive  con- 
ductivity of  any  other  wire;  for  having  measured  off  a  definite 
length  of  the  latter  and  ascertained  its  weight,  temperature,  and 
TcsiHtance,  then  the  latter  compared  with  the  reeistance  of  a  pare 
copper  wire  of  the  same  length,  temperature,  and  weight,  gives  Vf 
by  direct  proportion,  what  we  require. 

For  example. 

Suppose  the  length  of  our  sample  of  wire  were  20  feet,  its 
weight  500  grains,  it*  rosiBtanoo  -200  ohm,  and  its  temperature 
60°  Fahr.  From  Table  IV.  we  get,  for  60^  it  =  1-0323,  conse- 
quently the  resistance,  E,  at  60",  of  a  pure  copper  wire  whoso 
length  and  weight  are  similar  to  the  sumpte,  will  be  ^^^ 

Then  to  get  the  relative  conductivity  (x)  of  the  wire  sample, 
we  have  the  inverse  proportion 

•200:  -1752;:  100:  a;, 
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or 

•1752  X  100        ^     ^ 
*  = ^200—   =  ^7'^' 

that  is  to  say,  the  conductivity  of  the  wire  sample  is  87  •  6  per  cent. 
of  that  of  pure  copper. 

505.  In  the  c€«e  of  a  cable  where  the  weight  per  knot  of  the 
conductor  is  always  known,  the  calculations  are  much  simpler, 
as  they  can  be  made  by  reference  to  Table  II.,  which  gives  the 
resibtanoes  corresponding  to  various  percentages  of  conductivity 
of  a  conductor  1  knot  long  weighing  1  lb.,  and  at  a  temperature 
of  75^  Fahr.  The  way  in  which  this  table  would  be  used  is  as 
follows : — 

Supposing  we  had  a  cable  whose  conductor  weighed  107  lbs. 
per  knot  (this  is  a  very  usual  weight  for  the  conductor  of  a  cable), 
and  whose  resistance  per  knot  at  76°  Fahr.  was  found  by  experi- 
ment to  be  11  '56  ohms,  then  by  multiplying  11  '66  by  107  we  get 
the  resistance  of  a  knot-pound  of  copper  of  a  corresponding  con- 
ductivity. 11  '66  X  107  =  1236'92  and  this  resistance  in  the  table 
corresponds  to  a  conductivity  of  96 '8,  which  is  therefore  the 
percentage  of  conductivity  of  the  conductor  of  the  cable. 

506.  In  calculating  out  Table  II.,  the  determination  of  Dr. 
Matthiessen  before  referred  to,  given  in  the  British  Association 
report  on  electrical  standards,  has  been  taken  as  the  basis ;  this 
determination  makes  the  resistance  of  a  foot-grain  of  pure  copper 
at  24°  C.  (76  •  2°  F.)  to  be  •  2262  ohm. 

507.  It  is  sometimes  required  to  determine  the  relative  conduc- 
tivity of  a  wire  whose  length  and  diameter  (d)  are  known  ;  in  this 
case,  the  determination  of  Dr.  Matthiessen — viz.  the  resistance  of 
1  foot  of  pure  soft  copper  wire  whose  diameter  is  1  mil  (nAnj*^  ^^ 
an  inch)  is  10-323  ohms  at  60°  F.  (or  10-656  ohms  at  70°  F.)— may 
be  taken  as  the  standard. 

Since  the  resistance  of  a  wire  varies  inversely  as  its  sectional 
area,  that  is,  inversely  as  the  square  of  its  diameter  (d),  we  must 
have : — 


Resistance  of  I  feet  of  pure  copper 
wire  d  mils  in  diameter 

For  example. 


Ix  10-666 
d^k 


ohms. 


The  resistance  of  50  feet  of  copper  wire,  14  mils  in  diameter,  is 
found  to  be  2  •  746  ohms,  at  a  temperature  of  66°  F. ;  what  is  the 
relative  conductivity  of  the  >vire  ? 
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For  65'  k  =  1-0214  (Table  IV.),  Uierofore 

BesiaUnce  of  50  ff et  of  pnrej 
copper  wire  14  milu  inl 
diameter,  at  6>i°  F.  ) 


I 


14  X  14  X  1-0214  " 


I 


tlien  by  inverao  proportion  we  liave 

2'74IJ:2-6C1  ::100:; 


.  =  ^15114™  =  , a.,. 

that  iB  to  8sy,  tlie  conduoliTity  of  the  wire  sample  is  96  ■  9  per  a 
of  thst  of  pure  copper. 

508.  The  iliameterof  the  wire  in  mile  may  readily  he  meaonrad 

by  means  of  the  gauge  shown  by  Fig.  174.     The  complete  turn  of 

the  finger  screw  veprcsents  j'n^J*  of  an  inch, 

j,j^    i_^  and  as  the  screw  has  a  scale  on  it  divided 

into  20  parts,  each    part   being  ^th  of  a 

complete  revolution  of  the  screw,  therefore 

1 


— th  of  an  inch,  i.  e.  1  mil. 


1 

lOOu"'" 

In  order  to  prevent  undue  force  or  pressare  being  exerted  by 
the  screw  when  the  latter  is  screwed  up  so  as  to  grip  the  wire 
being  measured,  these  gauges  are  sometimee  fitted  (as  suggested 
liy  Mr.  Herbert  Taylor)  with  a  cap  which  rune  spring  tight  over 
the  part  of  the  screw  which  is  manipulated  by  the  fingers,  so  that 
.  the  screw  is  turned  sufficiently  to  fairly  grip  the  wire 
this  cap  (which  is  being  held  by  the  fingers)  slips  round,  and  a 
limit  is  thus  placed  to  the  pressure  that  can  be  exerted. 

509.  In  the  case  of  small  wires  where  it  is  difficult  to  measiuc 
the  diameter  with  great  accuracy,  it  is  preferable  to  test  forspocifio 
conduotiiity  by  weight  rather  thon  by  gauge,  for  by  ta^ng  a 
sufficient  length  of  wire  we  can  determine  the  value  of  the  weight 
as  accurately  as  we  pleatie. 

510.  Table  III.*  shows  the  resistances,  Ac,  of  various  gauges  of 


J 
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Specific  Insulation. 


511.  By  Specific  Insulation  is  meant  the  specific  resistance  (§  503, 
page  427)  of  any  insulating  material.  In  this  case,  as  we  have  no 
pure  standard  material  with  which  to  make  a  comparison,  we  cannot, 
as  in  the  case  of  wire,  get  a  piece  of  a  certain  length  and  compare  it 
by  measurement  with  another  piece  whose  value  has  been  fixed 
experimentally,  and  which  we  can  call  100 ;  the  resistcmce  there- 
fore of  a  centimetre  (or  multiple  of  a  centimetre)  cube  of  an 
imaginary  material  whose  value  is  taken  as  1  megohm  is  adopted 
as  a  standard ;  the  resistance  of  any  material  expressed  in  terms  of 
Buch  a  cube,  i.e.  the  specific  resistance  of  the  material,  gives  the 
relative  value  required. 

Now,  the  form  in  which  gutta-percha  or  other  insulating  ma- 
terial is  used  for  subtiiarine  or  other  cables  is  that  of  a  cylinder,  in 
which  the  conducting  wire  is  concentrically  placed ;  and  we  have 
to  determine  from  the  observed  resistance  of  a  known  length  of  the 
cable,  and  from  the  dimensions  of  the  external  and  internal  dia- 
meters of  the  cylinder,  what  the  resistance  of  a  centimetre  cube  of 
the  insulating  material  would  be.  As  this  is  an  interesting  problem, 
we  will  give  it  at  length. 

Looking  at  a  transverse  section,  let  us  suppose  the  sheathing  to 
be  divided  into  a  number  of  concentric  circles,  such  that  the  resist 
ance  of  the  piece  between  any  two  circles  equals  p.  For  this  to  be 
the  case,  it  is  evident  that  the  circles  nearer  the  circumference  must 
be  of  a  greater  thickness  than  those  near  the  centre,  since  their 
circumferences  are  greater. 

Let  there  be  n  of  these  circles,  so  that  n  p  =  R  (p  here  corre- 
sponds to  the  little  interval  of  time  t  in  the  loss  of  charge  problem, 
page  340,  §  382). 

^^     ] 
Now,  if         y  be  the  internal  and  external  radii  or  diameters 

dd  +  i] 

of  any  one  cylinder,  and  if  the  difference  d^  +  i  —  J^  is  very  small, 

the  resistance  of  the  cylinder  will  be 

{da  +  i  -  d^)^ 
2irlrjt 

when  I  is  the  length  of  the  cable,  and  o-  the  specific  resistance  of 
the  insulating  material. 

Now,  the  smaller  we  make  d^^^  —  d^,  the  nearer  will  this  be 
true.     But  in  order  to  do  this,  we  must  make  p  small  and  n  large. 
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Now 

Binco  p  equals  the  resistance  of  eacb  cylinder ;  therefore 

2  7rZp> 


,  /         2iFlp\ 


then,  as  in  the  problem  we  have  referred  to, 

2  Trip 


=  ■"-(>  +  ^T. 


where  </.,  or  D,  is  the  external,  and  dj,  or  d,  the  internal  radius  or 
diameter  of  the  sheathing ;  that  is, 

and  the  larger  n  is  the  nearer  is  this  tnie ;  therefore  make  p  =  0 
and  n  =  00  so  that  n  p  still  equals  R ;  we  then  get  a  perfectly 
accurate  result.     Let 

2y?R  _  1 

crn  a; ' 

so  that  a;  =  CO  when  n  =  co .     Then 


»-[0+;)-l 


2«IR 


when  a;  =  00 ,  but  when  this  is  the  case  the  expression  within  the 
square  brackets  is  known  to  be  equal  to  e,*  thus 


therefore 


airlK 


crlo     ? 

^  =  ~2vr'  '''"'  '^="; — D'  LA] 

*  Todhunter's  Algebra,  Fifth  Edition,  Chapter  XXXIX. 
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or  putting  the  numerical  values  of  the  oonstants  and  substituting 

common  for  natural  logs, 

RZ2-728 

Since  D  and  d  are  in  the  form  of  a  proportion  it  is  immaterial 
in  what  units  they  are  expressed,  but  I  must  be  in  centimetres 
and  R  in  megohms,  R  being  the  total  resistance  of  the  length  I. 

612.  In  practice  the  numerical  value  worked  out  from  the  fore- 
going formula  is,  for  all  insulating  materials,  very  excessive, 
hence  it  is  preferred  to  make  the  practical  dimension  of  o-  to  be 

1  oon  nnn  ncvfi^  ^^  ^^  actual  dimension,  so  that  the  formula  for 

practical  use  is 

RZ  2-728 


D 

log  -T  X  1 ,000,000,000 
a 


For  example. 

The  core  of  a  cable  1  statute  mile  long  had  an  insulation  of 
5000  megohms.  Its  external  diameter  was  *  5  inch,  and  internal 
diameter  *  314  inch.     What  was  its  specific  insulation  resistance  ? 

6000  X  160930  x  2-728 


a  = 


log  -^  X  1,000,000,000 


=  10-865. 


314 

If  we  arrange  that  R  is  the  resistance  of  a  statute  mile  of  the 

wire,  then  since 

160930  X  2-728 


1,000,000,000 
therefore  the  formula  becomes 

R  X  -000439 


=  -000439, 


c  = 


If  R  is  the  resistance  per  knoty  then  we  have 


LB] 


R  X  '000506  rm 

<r  = p L^J 


613.  Referring  to  equation  [A],  since* 

*  Todhiiiiter*8  Algebra,  Chapter  XXXIX. 


2  F 


1 
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then  if  D  and  d  do  not  difTer  largely,  we  may  neglect  all  the  teima 
after  the  first  without  oonfiidertiblo  error ;  so  that  equation  [Aj 
becomes 

D+d 
or  if  we  substitute  thicknesB,  (,  of  material,  we  get 

Further,  if  we  Babstitute  the  value  of  ir  &C-,  then  equation  fB] 
bocomee  simplified  to 

<r  =  E  X  -0005066-^' 

which  since  the  simplified  formula  actually  maVes  tr  rather  too 
large,  may  be  written 

Similarly  formnla  [C]  becomes 

cr  =  R  X  -0005829  -i-', 

which  for  practical  purposes  may  be  written 

^  =  Eltij.i,oo. 

It  should  be  understood  that  these  simplified  formulee  are  only 
approximate,  but  they  can  be  relied  upon  to  within  about  1  per 
cent,  if  the  thickness  of  the  insulation  is  not  more  than  about  }th 
of  the  diameter  of  the  oonduotor ;  examples  like  this  are  con- 
tinually met  with  in  the  case  of  electric  light  leads,  though  not 
in  the  case  of  submarine  cables,  for  which  the  simplified  formnln 
can  be  only  regarded  as  roughly  approximate,  and  convenient  only 
for  check  purposes. 

SpEcmc  lurncnvK  Capacity. 
514.  From  what  has  been  said  on  page  399,  §  462,  it  vrill  be 
evident  that  the  formula  for  giving  the  spooifio  indnctive  oajt^Q 

(i)  of  a  cable-core  will  be 

log- 
k  =  F — . 

•000606 

ifhore  F  is  the  capacity  per  knot  of  the  core  in  microfarads. 
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CHAPTEB  XXI. 

CORRECTIONS  FOR  TEMPERATURK 

515.  In  order  to  make  tests  for  CoDductivity,  iDSulation 
Besistance,  or  Electrostatic  Capacity  strictly  comparative,  it  is 
either  necessary  that  they  be  made  at  the  same  temperature,  or, 
when  this  cannot  be  done,  the  temperatures  at  which  they  are 
taken  should  be  noted,  and  a  correction  made. 

Various  methods  have  been  suggested  to  enable  this  to  be  done, 
but  the  following  seems  to  be  a  satisfactory  and  simple  one. 

It  is  found,  when  the  temperatures  are  not  very  widely  dif- 
ferent, that  for  every  degree  of  increase  in  temperature,  an  equal 
percentage  of  increase  in  resistance  takes  place ;  that  is  to  say,  if 
the  resistance  increased  at  a  certain  rate  per  cent,  by  a  rise  of  one 
degree  of  temperature,  it  will  be  increased  by  the  next  degree  of 
rise  at  the  same  rate  per  cent,  calculated  on  the  new  resistance. 

This  being  so,  it  will  be  evident,  on  consideration,  that  the 
percentage  of  increase  for  a  certain  number  of  degrees  will  be  the 
same  at  whatever  part  of  the  scale  these  degrees  are  taken.  Thus, 
if  a  resistance  increased  25  per  cent,  between  30^  and  40^,  it  would 
incre€ise  25  per  cent,  between  65^  and  75^ 

Corrections  for  Conductor  Resistance. 

516.  If  we  take  a  wire  of  any  metal,  and  determine  how  much 
its  resistance  is  increased  by  any  number  of  degrees  of  temperature, 
we  can  determine  how  much  the  resistance  of  any  other  wire  of 
the  same  metal  and  quality  would  be  increased. 

The  law  we  have  stated  is  exactly  the  same  as  the  law  for  the 
fall  of  potential  in  an  insulated  cable  (page  401).  We  have  simply, 
in  fact,  to  substitute  resistances  for  potentials,  and  degrees  of 
temperature  for  intervals  of  time,  in  any  of  the  formulso  we  had 
for  the  above  case,  and  we  get  our  formulae  for  change  of  resistance 
by  change  of  temperature. 

At  the  end  of  Chapter  XYI.  (page  404)  we  obtained  a  formula 


r^ 


-P- 


2  F  2 
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If  we  GnppoHe  a  reeistance  to  have  increaiied  from  r  to  R,  bya 
e  of  tem|ieiiitiir6  of  n",  aud  to  R,  liy  an  iucivaee  of  b,".  Ham 
by  Bubatitution  in  the  foregoing  formnla,  we  get  the  eqnatioa 


""'{fj' 


as  repreeentiug  the  connoi:tiou  between  these  quantities. 

If  we  determine  R  and  r  eiperim  en  tally,  we  can  find  what  B, 
vill  be  for  an  increase  in  the  temperature  of  1°,  2°,  3",  &c. ;  and 
by  embodying  the  rOKnltH  in  a  table,  we  can  determine,  from  an 
experimental  measurement  made  at  any  temperature,  what  the 
reMstanoe  of  a  wire,  of  the  eamo  kind  aa  that  from  which  the 
table  wan  constructed,  would  be  at  any  temperature  we  may 
require. 

n  example  will  render  this  clearer  : — Suppose  we  had  a  wire 
of  pnre  soft  copper,  whose  resistance  r  at  32°  F.  waa  found  lo  be 
2064  ohms,  and  whose  resistance  R  at  76-2°  F.  waa  2262  ohms." 
Then  this  wire  had,  by  an  increase  of  75-2°  -  32°  =  43-2''  (»") 

increased  its  resistance  ,  or,  1  "096  times.      We  therefore  know 

that  any  other  wire  of  similar  quality  wlU  increase  ira  resistance 
by  that  amount,  by  an  increase  of  43-2°  of  temperature.  This 
result,  then,  is  the  coefficient  of  increcue  for  43-2°,  by  which  wo 
must  multiply  our  observed  resistance  to  obtaui  ita  value  ftt  tha 
requiied  temperature. 

The  result  wo  have  obtained  will  enable  us  to  dotermina  lb« 
increase  of  resistanae  for  any  other  number  of  degrees  of  tempera- 
ture, and  also  the  coefficients,  for  our  formula  becomes 

Thus,  if  we  want  to  find  the  coefficient  for  30°  (Hi")  of  increase,  W6 
have 

/2262\i"" 

^2064/ 

showing  that  an  incrcHse  of  30°  has  increased  2064  (r)  to  2I99-5M, 

2199 '564 
or,  — 7jK^ —  =  I  '06568  times,  which  gives  the  cxieffioJent  for  30° 

tof  increase  in  temperature. 
*  These  are  th«  eioet  flgures  ftntn  eipcrimcnts  made  b;  Dr.  BIattliie«Mn  on 
pure  copper. 
I h 


I 
liie«Mn  on      | 


CORREOnONS  FOR  TEMPERATURE.  437 

Since  we  have  to  divide  Ri  by  r  to  obtain  the  coefficient,  we 
have 

Coefficient  =  T?)"' ;  [A] 

or  for  the  quality  of  wire  in  question, 


Coefficient  =  U^)       . 


As  the  coefficients  have  to  be  worked  out  by  logarithmic  tables, 
we  may  say 

log  coefficient  =  (log  2262  -  log  2064)  J^- ; 

43*2 

that  is, 

log  coefficient  =  (•  0009209)  n^^ 

When  all  the  coefficients  are  worked  out  by  this  formula  and 
embodied  in  a  table  (Table  IV.),  if  we  require  to  find  the  resistance 
of  a  wire  at  the  higher  temperature,  that  at  the  lower  being  given» 
we  must  multiply  the  latter  by  the  coefficient  corresponding  to 
the  number  of  degrees  of  difference  between  the  two  temperatures. 

If,  on  the  contrary,  it  is  required  to  reduce  or  correct  from  a 
higher  to  a  lower  temperature,  we  must  divide  by  the  coefficient 
corresponding  to  the  number  of  degrees  of  difference  between  the 
two  temperatures. 

517.  An  approximate  simplification  of  formula  [A]  may  be 
obtained  in  the  following  manner  :-^ 

We  have 


(tF  =(■  - 


r 


juo. 


Expanding  by  the  Binomial  Theorem,  this  expression  becomes 


Now  as  — ^  f j  is  a  small  quantity,  its  squares  and  higher 

powers  may  be  neglected,  in  which  case  we  get 

Coefficient  =  1  +  ^(^JlJ^V 

or  for  the  quality  of  wire  in  question 
Coefficient  =  1  +  ^^{^^^.^^)  =  l  +  «.»  x  -0022206. 


r 
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A  still  closer  approximation  may  be  obtained  by  iudaSBg 
the  3rd  term  of  the  Beriee,  viz., 

1-2  \     r     J- 

Now  this  expression  equals 

we  have  therefore 

Coefficient  .  I  +  '^\5_^'  -  ^{^J)  +  (^/ 

or  giving  the  numerical  values  to  the  constants  we  get  ~ 

Coefficient  =  1  +  tii"  x  •0021141  +  n,'  X  •000002465S. 

lafiuente  of  Conducting  Power  upon  Variation  of  Begittatux  hg 

CiMnge  of  Temperature. 

518,  The  influence  of  temperature  upon  the  resistance  ot 
metals  varies  according  to  the  conducting  power  of  the  metal. 
According  to  Matthiessen,*  "the  percentage  of  decrement  in  the 
conducting  power  of  an  impure  metal,  between  0°  C.  and  100°  C, 
is  to  that  of  the  pure  oiio,  between  0°  C.  and  100°  C.,  e»  the 
conducting  power  of  the  impure  melal  at  100°  C.  is  to  that  of 
the  pnre  one  at  100°  C."  A  numerical  example  will  best  explain 
this  law : — 

Supposing  wo  have  two  wires  of  the  same  metal,  one  of  which 
is  pure  and  the  other  impnre,  and  we  take  such  a  length  of  each 
that  they  both  have  a  resistance  of  300  ohms  at  0°  C, ;  and 
suppose  that  the  relative  specific  condnctivitics  of  the  two  kinds 
of  metal  are  as  100  to  00.  Now  if  we  foimd  that  the  piii« 
sample  Increased  its  resist^moe  from  300  ohms  to  420  ohms,  or 
40  per  cent.,  when  the  temperature  was  increased  to  100°  C. ; 
then  we  should  find  that  the  impure  sample  when  raised  to 
100°  C,  would  have  increased  its  resisuuce  to  408  ohms,  or  36 
per  cent.,  for 

100  :  90  : :  40  :  36. 
•  riiil.  TraiiB.,  1804.  \i.  IS7. 
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From  this  it  is  evident  that  the  correction  coefficients  require  to 
be  varied  according  to  the  purity  of  the  metal,  but  if  we  know 
what  the  coefficients  are  for  the  pure  metal,  and  also  the  specific 
conductivity  of  the  metal,  we  can  correct  the  coefficients  ac- 
cordingly. Let  R  be  the  resistance  of  both  the  pure  and  impure 
metals  at  a  temperature  <,  and  B^  the  resistance  of  the  pure  metal 
at  a  temperature  t^  and  let  k  be  the  coefficient  required  to  correct 
R  to  the  latter  temperature,  that  is,  let 

Ri  =  Ric  [1] 

Let  R2  be  the  resistance  of  the  impure  metal  at  the  temperature 
<^,  and  let  k^  be  the  coefficient  required  to  correct  R  to  this  tern 
perature,  that  is,  let 

R3  =  R  Kp  [2] 

Also  let  C  and  C^  be  the  specific  conductivities  of  the  pure  and 
impure  metals. 

Lastly,  let  p  and  p^  be  the  percentages  of  increase  in  resist- 
ance of  the  two  samples  respectively,  between  the  temperatures 
t  and  ^1. 

We  then  have  the  following  equations : — 

J*  =  5^  100  '     [3] 


B-R 


and  the  proportion 


or 


p,  =  — g— '  100  [4] 

|>:|)i::C:Cj 


but  from  equations  [3]  and  [4]  we  get 

R  ~"  Ri  --.N/v 
Pi      R-R2100     R  -  R2 ' 

R 


therefore 


C  ^  R  -  Ki 
C^       R  —  R2 
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or,  Biibstituting  the  values  of  Bi  and  B,,  obtained  from  the  eqiiar 
tions  [1]  and  [2],  we  get 

C        R  -  Rk        1  -  ic 


therefore 


that  is 


:,  =  1-^^(1-.)  =  1+§(k-1). 


As  the  specific  conductivity  of  the  pure  metal  ia  always  taken 
as  100,  the  formula  becomes 

For  example. 

From  Table  lY.,  the  correction  coefficient  for  oorreoting  firom 
45°  to  76°  (equal  to  30°  of  diflference  of  temperature)  is  1  •  0667,  for 
pure  copper.  What  is  the  coefficient  for  copper  whose  oonduo- 
tivity  is  96  per  cent,  of  that  of  the  pure  metal? 

^1  =  1  + j^  (1-0667  -  1)  =  1-0631. 

610.  Although  strictly  speaking  the  foregoing  method  of 
obtaining  the  proper  coefficient  for  correcting  for  conductor  resist- 
anco  ought  to  be  followed,  it  is  but  rarely  that  it  is  so.  It  is 
usually  the  case  that  a  table  is  employed  in  which  the  coefficients 
have  values  corresponding  to  a  mean  purity  of  copper.  Table  V. 
for  example.  Inasmuch  as  the  variation  from  this  particular 
mean  value  is  never  very  great  in  practice,  no  error  of  practical 
importauce  is  caused  by  the  use  in  all  cases  of  such  a  table. 

COURBCTIONS   FOR   INSULATION   RESISTANCE. 

520.  The  law  of  change  of  resistance  by  change  of  temperature 
for  Insulators  is  the  reverse  of  that  for  Conductors,  that  is  to  say, 
increase  of  temperature  diminishes  their  resistance,  and  vice  versa. 
If,  therefore,  wo  obtain  our  coefficients  from  the  formula 

Coefficient  =  (-)^' 

where  R  is  the  observed  higher  resistance  at  the  lower  tempera- 
ture, r  the  observed  lower  resistance  at  the  higher  temperature. 
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n°  the  number  of  degrees  of  difference  between  the  two  tempera- 
tures, and  n°  the  number  of  degrees  of  difference  for  which  the 
coefficient  is  required,  then  we  must  divide  by  the  coefficient  when 
we  require  to  find  the  resistance  at  the  higher  temperature,  that  at 
the  lower  being  given,  and  vice  versd, 

521.  The  influence  of  temperature  is  very  much  greater  on 
Insulators  than  on  Conductors ;  thus,  whereas  a  wire  containing 
96  per  cent,  of  pure  copper  only  increased  its  resistance  from 
1000  ohms  to  1030  ohms  by  an  increase  of  15°  of  temperature,  a 
particular  gutta-percha  core  increased  its  resistance  from  1000  ohms 
to  9080  ohms  by  the  same  amount  of  decrease  of  temperature. 

The  amount  of  the  change  of  resistance  by  change  of  tempera- 
ture which  takes  place  in  the  case  of  insulating  materials  is  depen- 
dent upon  the  quality  of  the  latter,  and,  therefore,  the  correction 
coefficients  for  the  same  can  only  be  regarded  as  approximately 
correct. 

522.  The  range  of  temperatures  required  in  practice  is  not 
large.  If  we  calculate  coefficients  for  a  difference  of  from  0°  to 
45°  it  will  usually  be  sufficient. 

523.  Tables  of  coefficients  for  copper  and  two  kinds  of  gutta- 
percha, calculated  on  the  foregoing  principles,  will  be  found  at  the 
end  of  the  book.  As  it  is  usual  in  practice  to  correct  all  measure- 
ments to  75°  Fahr.,  the  coefficient  corresponding  to  the  number  of 
degrees  of  difference  between  any  particular  temperature  and 
75°,  is  placed  opposite  that  particular  temperature. 

524.  It  was  pointed  out  on  page  437  that  if  all  the  coefficients 
are  worked  out  by  the  formula  "  log  coefficient  =  ( •  0009209)  ni°," 
then  in  order  to  correct  from  a  lower  to  a  higher  temperature  it  is 
necessary  to  multiply  by  the  coefficient  corresponding  to  the  number 
of  degrees  of  difference  between  the  two  temperatures,  but  to 
correct  from  a  higher  to  a  lower  temperature  we  must  divide; 
now,  if  in  the  latter  case  we  employ  the  reciprocal  of  the  coefficient, 
then  we  must  multiply  as  in  the  first  case.  By  taking  advantage 
of  this  fact,  in  Tables  lY.  and  V.  the  coefficients  are  so  calculated 
that  whether  we  have  to  correct  from  100°  down  to  75°  or  from 
32*5°  up  to  75°,  in  all  cases  we  have  to  multiply  ;  in  Tables  VI. 
and  VII.,  in  all  cases  we  have  to  divide. 

If  it  should  be  required  to  correct  up  to  any  temperature  other 
than  75°,  then  we  must  first  ascertain  the  number  of  degrees  of 
difference  between  the  two  temperatures,  and  then  the  coefficient 
opposite  to  the  temperature  corresponding  to  75°  minus  the  number 
of  degrees  of  difference,  will  be  the  coefficient  required.     Thus,  if 
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we  want  the  coefficient  for  correcting  the  reslBtanoc 
copper  wire  from  40°  np  to  60",  then  60"  —  40°  =  20', 
75°  —  20°=  55°,  and  the  coefficient  cotreapooding  to  this  t«iih 
pcmture  in  Table  IV.  is  1 '  0433,  which  is  the  r«qaire<l  ooeffioieut. 
Should  it  be  necesaarj-  to  correct  from  60°  down  to  40°,  then  in 
this  case  the  coefficient  will  be  that  corresponding  to  Th"  -j-  2C^,  or 
95^  the  value  of  which  is  -9585. 

625.  Tlie  exact  effect  of  temperature  on  the  Inductive  Capacity 
of  wires  insulated  with  gutta-percha  has,  it  is  believed,  not  been 
determined;  it  is,  however,  very  slight.  In  the  case  of  wires 
insulated  with  indlarubber,  however,  there  is  marked  effect  at  a 
high  temperature ;  thus  the  resulle  of  experimeats  made  \>y  Mr. 
W.  Maver  '  showed  that  a  change  of  temperature  from  100°  F.  to 
212°  F.  increased  the  capacity  nearly  140  per  cent.  It  may  be 
mentioned  that  the  dimensions  of  the  insulated  wire  on  which  the 
eiperimenta  were  made  wore  as  follows : — Conductor,  97  mils; 
thickneHs  of  insulatiou,  126  mils.  No  data,  it  is  believed,  exist  as 
to  the  effect  of  change  of  temperature  below  100°  F. 

Determination  of  thk  Temperature  of  a  Wibe  by  Change 
OF  Resistance. 

526.  By  a  reverse  process  to  the  foregoing  we  can  tell  what 
the  temperature  of  a  wire  is,  if  we  know  what  is  its  resistance  at 
one  temperature,  and  also  its  resistance  at  the  unknown  tempera- 
ture. For  all  we  have  to  do  is  to  divide  one  resistance  by  the 
other,  and  note  with  what  number  of  degrees  of  temperature  the 
coefficient  so  obtained  corresponds;  then  this  result  shows  the 
number  of  degrees  the  wire  has  above  or  below  the  temperature  at 
which  the  wire  was  measured. 

Far  example. 

To  take  the  case  on  page  436,  we  found  that  the  wire  had  B 
resistance  of  2064  ohms  at  32°,  and  at  the  temperature  which  we 
will  Buppose  to  be  unknown,  a  resistance  of  2262,  then  the  coeffi- 
cient is  =  1-096,  which  corresponds  to  an  increase  of  43- 2°  ! 

2064  '  ' 

the  temperature  of  the  wire  is  therefore  32°  +  43'2°  =  75-2°. 

In  this  way,  if  we  ascertained  the  resistance  of  a  cable  at  ■ 
noted   temporature   before    it   was  laid,   and   then  measured 
resistance  after  it  was  laid,  we  oould  tell  the  mean  temperatq 
the  sea  by  referring  to  the  Tables. 

•  '  TLc  Elootrieul  EiigiiiLiir '  (New  York),  Aug.iat  litli,  3; 


mperatiu^^ 
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Or  if  we  ascertained  the  resistance  of  tHe  cable  at  two  different 
temperatnres  before  it  was  laid,  then  we  could  determine  its  tem- 
perature after  it  was  laid  without  the  use  of  Tables ;  thus  from  the 
formula 


B 


RX'hf 


-'(I) 


no 


we  get 


therefore 


© = ©-' 


«**       log?- 


therefore 


«1  • 


For  example. 

The  conductor  resistance  (Ri)  of  a  cable  at  60**  Fahr.  when 
lying  in  the  tanks  at  the  factory,  was  2000  ohms,  and  at  a 
temperature  of  45*^  Fahr.  the  resistance  (r)  was  1941 '6  ohms. 
When  the  cable  was  laid  the  resistance  (R)  was  found  to  be  1961 
ohms.    What  was  the  temperature  of  the  sea? 

ni°  =  60°  -  45°  =  15°, 

1961 

^S  1041.6 
„o iy*J_o     -  ^o  _  fco 

^    -    ,        2000       -^^    -^• 
^^1941-6 

The  temperature  of  the  sea  will  therefore  be  45°  +  5°  =  50°  F. 

527.  It  is  very  often  the  case  in  cable  factories  that  two 
sections  of  the  cable  are  in  different  tanks  at  different  temperatures, 
as,  for  instance,  when  several  miles  of  core  are  added  on  to  the 
made-up  cable  in  a  colder  tank. 

Ah  the  whole  length  must  be  tested  in  one  section,  it  may  be 
necessary  to  know  what  correction  must  be  applied  to  the  measured 
resistance  of  the  whole  length  of  cable  to  correct  it  to  the  value  it 
would  have  at  one  uniform  temperature. 
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CoBREcnnoNS  for  Conductor  Bbbistahgb  WHiir  Two  Sbctiosis 
OF  A  Cable  abb  at  Different  Temferaturbs. 

528.  Let  li  and  {^  be  the  two  lengths  of  the  cable  in  the  dif- 
ferent tanks,  also  let  r^  and  r,  be  the  leepeotiYe  oonduotor  resist- 
ances of  the  two  sections  at  the  temperatnres  of  the  tanks,  and  let 
F«  be  the  resistance  of  the  two  together.  Also  let  i|  and  Jb,  be  the 
coefficients  by  which  r^  and  r,  mnst  be  mutinied  respeotiTelj  in 
order  to  redace  them  to  the  values  they  wonld  have  at  one 
uniform  temperature,  and  let  B«  be  the  total  resistanoe  of  the 
cable  at  this  uniform  temperature;  we  then  have  the  fiiUowing 
equations : 

P.  =  *-i  +  r^ 

E.  =  rili  +  r^ia,  [1] 

therefore 

R,  _  *'i  "^1  +  ^2  *a      nr     R  —  P  **!  *i  ^^  ^a  *a  . 
P.  r^  +  r2  r^  +  ^t 

atid  also  we  may  say 

Kl^  =  r^ki,    or,    ri  =  1-L, 

K  1.2  =  Tj  K2i   or,    r.j  =  -  _  —  , 
where  k  is  a  constant ;  therefore 

nJ«  ^2  1  i 

If  ly  and  Zj  arc  the  lengths  of  the  portions  of  the  cable  in  knots, 
then  the  corrected  resistance  per  knot  (r^)  will  be 

n  =  p,  l^^ih  +  k)  =  j-^'  [2] 

For  example. 

At  a  cable  factory  there  were  15  knots  (Zj)  of  manufactured 
cable  lying  in  a  tank  whose  temperature  was  SC^Fahr.  Connected 
to  this  cable  were  6  knots  (I,)  of  core  in  a  tank  whose  temperature 
was  55"  Fahr.     The  total   observed  conductor  resistance  of  the 
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20  knots  was  215  ohms  (P^).     What  would  be  the  conductor  resist- 
ance per  knot  (r^)  of  the  cable  and  core  at  75°  Fahr.  ? 
From  Table  V.  we  have 


therefore 


ti  =  1-054,    k^  =  1-043; 


r,  =  —- = —  =  11-30  ohms. 

15       I        5 

r054"^F043 


Corrections  for  Insulation  Resistance  when  Two  Sections  of  a 

Cable  are  at  Different  Temperatures. 

529.  Let  li  and  Z,  be  the  Jex^hs  of  the  two  sections,  r^  and  r, 
their  respective  insulation  resistances  at  the  temperature  of  the 
tanks,  Pj  the  combined  resistance  of  the  two  sections,  hi  and  k^  the 
coefficients  by  which  r^  and  r,  must  be  divided  in  order  to  reduce 
them  to  the  values  they  would  have  at  one  uniform  temperature, 
also  let  R<  be  the  combined  resistance  of  the  two  sections  at  this 
uniform  temperature ;  then  we  have  the  following  equations : 


therefore 


ri  +  .r,' 

E,  =  iilii  =  -   Y'    .  [3] 

r\   +  ^i         **!  *2     •     *'2  *l 
k^        ^2 


and  also  we  may  say 


K 


K 


h  =  ^2  *i»    or.    ^2  = 
Z2  =  ri  k2j    or,    ri  = 


K 


I 


a 


t. 


I 
I 
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s  a  constant ;  therefore 


(^1:)  J- 


".''■.■'.,,'..,■;-■'■ 


ih 


If  I,  ODd  Lj  are  the  lengths  of  the  eectioue  in  huola,  Iheo  the 
wnvcted  reeistanco  per  knot  (r,)  will  be 

For  example. 

Taking  the  same  lengths  and  tomj^eratnres  a§  in  the  preTunia 
example,  let  us  utippoae  the  total  observed  iusulation  resistanoo 
of  the  20  knots  was  160  toogohiuB  (P,),  what  would  be  the  insaU- 
tion  reaiatance  per  knot  (r,)  at  75°  Fabr.,  the  insulator  being 
Willoughby  Smith's  gutta-percha? 

From  Table  VH.  we  find  

t,  =  6-928,     t,  =  4-704. 
therefore 


ril8  +  444)'*'«''°"'8°'"°* 


Approximate  Corrections  fob  Coppeb  and  Issulatiom  Resistakci 

WHEN    TWO    SKCnOHS   OF    A   CiBLE    ARE   AT    PlFFERKtlT    ToiFEU- 
TCFKES, 

530.  Inetead  of  correcting  each  section  from  its  actual  to  th« 
required  temperatnre,  in  tho  way  ehown,  we  could  asaame  tb>l 
the  whole  length  had  a  temperature  which  was  n  mean  between 
the  two  actual  temperatures,  and  correct  the  resistances  by  tho 
coefficients  (both  for  oondnctor  and  tnsnlation  reaistance)  corre- 
sponding to  that  mean  temperature.  This  moan  temporatnre  may 
be  calculated  approximately  on  the  evident  aseumption  that  its 
value  is  closer  to  the  temperature  of  the  longer  length  in  propor- 
tion to  the  proportion  which  the  longer  length  bears  to  the  shorter 
length.     Let  us  therefore  have 

ii°  =  temperature  of  longti  /, 

',•=      .,  ,.    1, 

/.°  =  mean  temperatnre ; 
thou,  assuming  (,  to  be  the  higher  temperature,  we  have 


1 


therefore 

or 

that  is 
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For  example. 

At  a  cable  factory  there  were  15  knots  (Ij)  of  mamifactured 
cable  lying  in  a  tank  whose  temperature  was  50°  (^i**)  Fahr.  Con- 
nected to  this  cable  were  5  knots  (Zj)  of  core  in  a  tajik,  whose  tem- 
perature was  55°  (<i°)  Pahr.  What  was  the  mean  temperature 
(O  of  the  whole  length? 

^o      50X15  +  55X5_  1025_g..o.o 
'-  -  15  +  5  "20         °       ^  ' 

As  a  rule  the  temperature  coefficients  are  only  given  for  degrees 
and  half  degrees,  as  in  Tables  IV.,  V.,  VI.  and  VII. ;  consequently, 
in  cases  where  the  mean  temperature  works  out  to  a  fraction  of  a 
degree  other  than  *  5,  we  should  take  the  coefficient  of  the  degrees 
which  are  nearest  in  value  to  the  calculated  temperature ;  this  is 
usually  sufficient  for  all  practical  purposes.  In  the  above  example 
it  is  obvious  that  the  coefficient  is  a  mean  value  between  the 
coefficients  for  51°  and  51  *  5°,  consequently  in  such  a  case  we  can 
by  a  very  simple  calculation  see  what  the  exact  (practically) 
coefficient  would  be.  Thus,  for  example,  the  coefficients  in  Table 
V.  for  51°  and  51*5°  are  1*051  and  1*050  respectively,  conse- 
quently the  coefficient  for  61-25°  is  obviously  L:^5^1+J^^050^  ^^ 

1-0505. 

Practical  Appucation  of  Corrections  for  Temperature. 

531.  When  a  cable  is  in  course  of  manufacture,  the  insulated 
conductor  (or  "  core  "  as  it  is  called),  before  being  covered  with 
the  protecting  sheathing,  is  placed  in  water  heated  to  a  temperature 
of  75°  F.,  and  is  kept  in  the  same  for  a  period  of  not  less  than 
24  hours.  By  this  lengthened  immersion  the  core  acquires  the 
temperature  of  the  water  throughout  its  mass.  Careful  tests  are 
then  made.  After  the  core  has  been  sheathed  it  is  coiled  into  a 
tank  and  kept  covered  with  water  at  a  normal  temperature,  and 
tests  are  made  regularly  every  day  to  ascertain  its  condition.  As 
regards  the  testing  of  tiie  conductor,  it  was  usually  the  practice 
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to  tnko  a  rcBiatance  tneosureiuent  and  then  to  correct  tlie  si 
lb"  by  means  of  the  coefficient  correeponding  to  the  toraperaWre 
of  the  water  in  the  tank  in  which  the  cable  is  coiled ;  this  oo^ 
rected  reeult,  if  the  conductor  were  in  proper  conditiuQ,  would 
obviously  correspond  with  the  results  obtained  from  the  oure  at  tb« 
75°  temperature. 

Now,  owing  to  the  slowness  with  which  the  gutta-peicha 
covering  conducts  heat,  unless  a  conBiderable  time  has  elapaed 
after  the  immersion  of  the  sheathed  cable  in  the  tank,  the  tem- 
perature of  the  water  in  the  latter  woulil  not  necessarily  indicate 
the  precise  temperature  of  the  conductor,  oonaequently  the  sctoftl 
testa  at  75°  and  the  corrected  observed  results  might  not  t 
spond.  The  object  of  a  conductor  test,  made  in  the  foregoii^ 
manner,  would  of  course  be  to  ascertain  whether  the  conductor  had 
deteriorated  in  any  way  during  the  course  of  manufacture ;  experi- 
ence has,  however,  shown  that  no  such  deterioration  does  take 
place,  and  that  oonsequently  a  corrected  conductor  teet,  eTCn  if  tt 
were  accurate,  is  practically  of  little  value.  At  the  present  time, 
therefore,  it  is  very  usual  to  make  use  of  the  conductor  test  for 
the  puriJose  of  ascertaining  the  internal  temperature  of  the  cote, 
so  that  a  correct  reduction  coefficient  may  be  applied  to  the  insolt- 
tion  test  of  the  insulating  covering.  The  method  of  obtaining  the 
temperature  has  been  indicated  in  §  526,  page  442. 
whore  the  calculated  internal,  and  the  obnerved  external,  tempen> 
turea  do  not  correspond,  the  reduction  ooeflScient  corresponding  to 
the  mean  of  the  two  is  sometimes  taken  for  correcting  thflinsnlatioii 
resistance. 

When  the  manufacture  of  a  cable  is  qnite  completed,  and  the 
latter  has  been  allowed  to  remain  in  the  tanks  for  24  houn  or 
more,  the  external  observed,  and  the  internal  calculated,  tempen* 
tures  will  generally  correspond  very  closely. 

532.  In  certain  coses  it  happens  that  a  length  of  cable  may  be 
coiled  in  two  different  tanks  which  are  at  different  temperaturea; 

I  in  such  cases  the  l«mperature  calculated  from  the  conductor  rosiit- 
ance  is,  of  course,  a  mean  of  the  two. 
533.  It  should  be  remarked  that  the  corrections  indicated  in 
paragraphs  528,  529,  and  530,  although  not  generally  used,  are 
Htill  employed  in  some  oases. 
534.  As  has  been  pointed  out  in  S  440,  page  387,  Mr  Hookin 
verified  the  curious  fact  that  it  is  not  until  some  honre  after  the 
gutta-percha  has  taken  its  temperature  that  the  lesistance  i 
its  corresponding  value. 


I 


Ir  Hookin  i 
9  after  the  j 
CO  rsHligJ 


(    449    ) 


CHAPTER  XXIL 

.  LOCALISATION  OF  FAULTS  OF  HIGH  BESISTANGE. 

Faults  in  Cables. 

535.  In  all  the  tests  for  localising  faults  hitherto  desoribed, 
with  the  exception  of  the  loop  test  (§  295,  page  273),  it  has  been 
assumed  that  the  insulation  resistances  of  the  portions  of  cable  on 
either  side  of  the  fault  are  infinitely  great  compared  with  the 
resistances  of  the  conductor.  Such  an  assumption  practically  holds 
good  in  cases  where  the  cable  under  test  is  short,  and  also  if  the 
resistance  of  the  fault  is  small,  but  when  we  come  to  deal  with 
long  cables  having  faults  of  high  resistance,  the  formulsd  we  have 
obtained  are  no  longer  correct.  The  following  investigation*  is 
made  for  the  purpose  of  obtaining  a  test  which  shall  be  correct  for 
cables  of  any  length  and  having  faults  of  any  resistance : — 

Let  AB  (Fig.  175)  be  a  cable  of  any  length  connected  to  a 


Fig.  175. 


V^rfV 


Pi**^/5i^rW6i\V\\\\N\>\\\\\\\\\\\NNN\\\\\'^V\\W^ 


Eartli 


L 


UL 


PQ 


Eartt  i^ 


B 


battery  as  shown,  and  having  its  further  end  to  earth  through  a 
resistance  a.  By  putting  o-  =  0  the  end  of  the  cable  will  be  direct 
to  earth,  and  by  putting. o-  =  oo  ,  it  will  be  insulated. 

Let  the  length  A  B  =  n 
„  AF  =  x 
„       PQ  =  cla:. 

*  See  '  On  the  Leakage  of  Submarine  Gables/ by  A.  B.  Kempe,  B.A.,  *  Jonrnal 
of  the  Society  of  Telegraph  Engineers,'  Vol.  IV.,  page  90. 

26 
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Let  the  potential 

99                      99                    99 
99                      99                    99 
91                      99                     99 

at  A  =  V, 
B  =  V. 
P  =  V 

Let  the  onrrent  strength  at  A  =  Cq 

99                              9f                            99                        B  =  C. 
99                              99                            99                        X     —    Vr 

Q  =  0  +  dG. 

Let  the  resistance  of  X  A  F  s  B 

i»           »          ft 
»»           i»          » 
»           i>          » 

XAQ=:B  +  (IB 
XAB  =  B. 
X  A  s  I^  =  o*. 

Also  let  resistance  of  unit  length  of  oondnctor  =  r 
And   „  „  „  ,9  sheathing  =  t. 

Calling  E  the  electromotive  force  of  the  battery,  then  sinoe  the 
flow  of  electricity  from  any  point  to  any  other  point  close  to  it 
is  from  the  point  of  higher  to  that  of  lower  potential,  and  is 
eqnal  to  the  difference  of  potential  divided  by  the  reaistanoe 
separating  the  two  points,  therefore  the  onrrent  along  A  B  at  P 
is 

rdx  rdx 

The  resistance  of  the  wire  P  Q  is  evidently  r  cfa?,  because  it  vaiies 
directly  as  the  length  of  the  wire,  but  the  resistance  of  the  insu- 

lating  sheath  P  Q  is  .-=— ,  because  it  varies  inversely  as  the  length. 

d  X 

Hence  the  "  leakage  "  or  the  current  from  the  surface  of  the  con- 
ductor between  the  points  P  and  Q  to  the  earth  where  the  potential 
is  zero,  is 

V  -  0       Ydx 


Hence 


but 


• 

t 

• 

dx 

dC 

dx  ' 

V 
« 

C  = 

dV 

=  <JC. 


rcit' 
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therefore, 


therefore 


where 


dC       1     d^V 
dx       r     dx^ 


d^V      rV        „ 


m^  =  -r,    i.e.   mss  v  /  — . 
f  V    ,- 


The  solution  of  this  differential  equation,  obtained  by  the  well- 
known  method,*  is 

V  =  Ae"'  +  Be— ,  [1] 

and 

Now  when  x  =  n 

V  =  V  =  E,  and  0  =  C„ 

potential 


therefore,  since  resistance  = 


current  strength 


and  similarly  when  x  =  0 

V  =  Vo,  and  C  =  Co, 
and 

Taking,  therefore,  a?  =  »,  we  get 

E  =  V,  =  Ae^  +  B e-"*,  by  [1] 

C,  =  ^[Ae--B6— ],by[2], 

therefore 

E  ^  rrke-^  +  Be--^ 

'  "  C,  "  mlAe^  -Be-"-/  L^J 

*  See  fioole's  'Differeutial  Equations,'  Second  Edition,  Chapter  IX.,  p.  194. 

2  G  2 
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Again,  taking  a?  ==  0,  we  have 


c  - 


therefore 


A 

B 


A  +  B    , 

i?(A-B)' 


r  ^ 


<r 1 

r 


[4] 


and 


[6] 


536.  Let  TIB  now  see  how  we  can  apply  this  investigation  so  as 
to  obtain  a  test  which  shall  be  strictly  aocurate  for  a  cable  of  any 
length  and  resistance.  The  following,  which  accomplishes  this,  is 
in  reality  the  fall  of  potential  test  given  on  page  405,  with  the 
formnla  corrected. 

Let  h  c  (Fig.  176)  be  the  cable  having  a  fanlt  s  at  e,  a;  and  y 
being  the  lengths  on  either  side  of  the  fault,  and  let  B  be  a 
resistance. 

Fio.  176. 


Earth 


Now  from  equation  [1]  (page  451)  we  have 

V  =  A  e~  +  B  e— 
and  at  c,  where  «  =  0, 

Vj  =  A  -{-  B ;  therefore,  A  =  v^  — 

therefore 

V  =  v^e-'  -  Be"*  +  Be"* 


B; 


[6] 
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or 

B  =  ZlIIzlZ. 

Now  from  [6] 

V  -  2  Be-"^  =  A  e~  -  B  c—, 

therefore 
V- 2e-'«-l— — ^=-A_^_^L^ ^^  =  Ae^-Be— .     [7] 

Calling  B,  the  reaistance  beyond  b,  we  have 

V      B  +  B. 


v~      B. 

» 

therefore 

B 

R.              B. 

y-  V       V       Ae~4-B«-~  *-  -" 

but  from  [3]  (page  461) 

•      wLac""  -  Be— 'J' 

therefore 

V-v      wLAe~^ -Be-~J' 

therefore  from  [7] 

R      _  ^  r  6-  -  e—  1  .g, 

V  -  V  "  f»Lv  if*  4-  c— )  -  2  Vj  J  '  '■J 

Again,  considering  the  portion  of  the  cable  y,  we  have 

v^__  Ai  €^  +  B^  e-^ 
^-       A,  +  B,        ' 
and  from  [4] 

A.      "7  +  ^ 

r 

in  which,  since  the  end  of  the  cable  is  insulated,  <r  =  ao ; 
therefore 

Bi       '* 
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from  which 


therefore 


▼a"         2 


«^  + 


^i  =  V, 2 


insertiiig  this  value  in  [8],  we  get 

H  _ r r ^"^         n 

V  -  V  "  m  Lv  (6-  +  fl— )  -  VaC^r^  +  «"^J' 
Now  if  2  be  the  length  of  the  cable,  then  jf  =  2  —  a^  therefore 

R—  __       ___ 

r  ^  —  «~^ 


V  -  V  •"  V  (e-  +  e— ')  -  Va  (<r^'-^>  +  «— ^'^>y 
Multiplying  the  top  and  bottom  of  the  equation  by  iT*  we  get 


r  «'""  —  1 


V  -  V  ""  V  {e^  +  1)  _  Va  (^  +  «-- '  «*— ) 

e*"-  1 

therefore 

(V-v)  +  (v-VaC-)R^ 


6^-^  = 


r 


(Y_v)-(y-v,.-')R? 


from  which 

*  =  21;.  ^^e- m  [^] 

(V-v)-(y-v,OR7 

In  this  form  the  formula  cannot  be  practically  used,  as  we 

require  to  know  r  and  m,  that  is/^  -  ^  r  being  the  resistance  per 

unit  length  of  the  conductor,  and  t  the  resistance  per  unit  length 
of  the  insulating  sheathing.  These  we  cannot  determine  indivi- 
dually, for  the  measurement  made  when  the  end  of  the  cable  is  to 
earth  is  not  that  of  the  conductor  alone  but  that  of  the  conductor 
diminished  by  the  insulation  resistance ;  and  similarly,  when  the 
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end  is  insulated  the  measurement  made  is  not  that  of  the  in- 
sulating sheathing  alone  but  of  the  latter  combined  with  the 
resistance  of  the  conductor.  If,  however,  we  know  what  these 
measured  values  are  we  can  substitute  them  in  the  formula  in  the 
place  of  m  and  r. 

Let  the  measured  resistance  of  the  cable  when  to  earth  at  the 
further  end  be  B,,  and  when  insulated  B< ;  then 

This  value  of  B«  we  obtain  from  equation  [5]  (page  452)  by 
putting  <r  =  0,  and  of  R<  by  putting  o-  =  oo . 

By  multiplying  one  equation  by  the  other,  we  get 

therefore 

m  __        1 

r  "  VB^K,  ' 
Also,  we  have 

therefore 
therefore 


[10] 


3^  _  V  B<  +  V  B^ 


e*-  =  "_/       "_  ;  [11] 

^  B<  +  V  ^ 
that  is 

1  2 


and  also  from  [11]  we  have 


[12] 


/ 


VVB.-VB.  vvb;--/b: 

1        «n 

We    have    thus    determined  -— ,  — ,   e^,  and  e""^,  and   can 

consequently  insert  their  values  in  any  equations  we  may  require. 
637.  Instead  of  employing  the  resistance  B  (Fig.  176,  page  452), 
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we  may  make  the  test  by  conneoting  the  batteiy  direoi  on  to  I 

through  a  galvanometer,  bo  that  the  resutanoe  B^  of  the  cable  oan 

be  measured  by  the  ordinary  deflection  method  (§  10,  page  6). 

Then,  since 

V:v  ::E  +  E.:E^ 

therefore 

V.v  =  v^. 

If  we  substitute  this  value  of  V  —  v  in  equation  [9]  (page  454) 
we  get 

X  =  ;; — log. • 

_.(v.v,e-)- 

1  v  +  (v-v,OR.^ 

=  ^ —  It^gt • 

v-(v-Vae  -')E,  - 

For  example, 

A  cable  1000  knots  (I)  long  had  a  very  small  fault  in  it  which 
was  required  to  be  localised.  When  the  cable  was  good  its  resist- 
ance with  the  further  end  insulated,  after  five  minutes'  electri- 
fication, was  700,000  ohms  (R^))  &^d  its  resistance  with  the  further 
end  put  to  earth,  5000  ohms  (R.).  When  the  cable  was  faulty  its 
resistance  with  the  end  insulated,  after  five  minutes'  electrification, 
was  100,000  ohms  (R.).  The  potentials  at  the  ends  of  the  cable, 
after  five  minutes'  electrification,  were  300  (v)  and  292  (v^)  re- 
spectively. What  was  the  distance  (x)  of  the  fault  from  the 
nearer  end  of  the  cable  ? 

ml  1 


r        V  6000  X  700,000       69,161 
1000 


2  HI      j^g  V 700,000+  V5000  ^  2-3026 
V  700,000  -  VSOOO 


=  5902-1, 


e-  =   ^/V 700.000-^-^5000  ^  ^.^^^^^ 


V  700,000-  V5000 


V     Jnnci  —  


/700,000+  V5000 
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Inserting  these  values  in  the  equation,  we  get 

'  300  +[300  -  (292  x  1-0884)]  100,000  x  75^ 

X  =  5902-1  X  log  ^^ 

300  -  [300  -  (292  +  -9188)]  100,000  X  j^r^ 

X  2-3026  =  538  knots. 

538.  Since  in  the  case  of  a  small  fault  the  difference  between 
the  potentials  at  the  two  ends  is  comparatively  small  it  is  essential 
that  they  should  be  measured  with  great  accuracy,  otherwise 
a  small  error  made  in  determining  their  value  will  make  a  con- 
siderable error  in  the  value  of  x.  The  readings  on  the  ecale  of  the 
galvanometer  or  electrometer  must  therefore  be  made  as  high  as 
possible ;  it  is  even  advisable  to  extend  the  length  of  the  scale  so 
that  this  may  be  done  more  effectually. 

539.  The  relative  values  of  the  potentials  at  the  two  ends  of 
the  cable  must  be  determined  in  the  manner  described  in  Chapter 
XVII.  (§  475,  page  406). 

Localisation  of  Faults  in  Insulated  Wires. 

540.  The  usual  method  of  localising  faults  in  lengths  of  insu<- 
lated  wire,  or  cable  core  which  has  not  been  covered  with  the  iron 
sheathing  which  forms  the  complete  cable,  is  to  pass  the  wire 
through  water  in  an  insulated  trough,  one  pole  of  a  battery  of 
several  hundred  cells  being  connected  to  the  conductor,  the  other 
pole  to  one  terminal  of  a  galvanometer,  and  the  other  terminal  of 
the  latter  to  the  water  in  the  trough.  With  this  arrangement 
imlnediately  the  fault  in  the  wire  passes  into  the  trough  the 
galvanometer  needle  is  deflected.  This  method,  however,  is  not 
adapted  for  detecting  extremely  minute  faults  such  as  are  of  not 
unfrequent  occurrence. 

Warren's  Method.* 

541.  This  method  is  adapted  for  localising  very  minute  fiaults, 
i.  e.  faults  of  high  resistance. 

The  length  of  wire  to  be  operated  on  is  immaterial,  provided 
that  the  whole  or  a  portion  of  it  can  be  coiled  on  an  insulated 
drum,  and  that  between  the  parts  coiled  the  surface  of  the  core  for 
a  length  of  6  or  8  inches  can  be  cleaned  and  dried  so  as  to  prevent 
conduction. 

*  *  Philosophical  Magazine,'  No.  314,  June  1879. 
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In  tha  first  cae©  (when  the  whole  cui  be  ooileil  on  m  irwm\    I 


I 


In  tbe  first  caee  (when  the  whole  cui  be  ooileil  on  «  JtvhV 
one-half  is  coiled  off  on  a  second  dram,  the  two  dranu  bciii^  i 
carefnltf  iiianlut«d.  The  earfaco  of  tl>e  core  between  the  dnons 
IB  well  cleaned  and  dried.  The  condactor  is  attached  lo  one  set  of 
qnadnntB  of  an  electrometer,  the  other  set  being  to  earth,  and  tfae 
two  drums  are  c»nnccted  to  earth  hy  an  attendant  at  each  dnun; 
one  pole  of  the  battery  (whose  second  pole  is  to  earth)  is  then  I 
connected  to  the  conductor,  bo  that  the  whole  becomes  chargsd; 
the  battery  is  then  disconnected  from  the  electrometer,  and  the 
earth-wires  simnltaneonsly  taken  off  the  drams.  Tt  is  beat  to 
leave  the  battery  on  until  the  earth-wirea  are  removed  from  the 
dramB. 

The  inanlation  of  the  drams  and  electrometer  shonld  be  sacli 
that  no  lo!^s  can  be  perceived  after  a  few  minntee,  when,  if  the 
earth-wire  be  applied  first  to  one  drum  and  then  to  the  other, 
the  fault  will  be  found  on  that  drum  whioh  causes  the  greatest 
fall  in  the  electrometer.  The  wire  is  coiled  from  the  faulty  siile 
to  the  other,  and  the  test  repealed  as  often  as  is  required.  A  mile 
of  core  with  a  small  fault  in  it  can  by  a  little  praotioe  be  put  right 
in  a  hour  or  two,  involving  no  more  waste  than  a  portion  of  (be 
insulator  which  can  be  held  between  the  fingers,  and  without  eren 
cutting  the  conductor.  The  position  of  the  iault,  when  it  is 
obtained  between  the  two  drums,  can  be  found  more  closely  by 
cleaning  and  drying  the  surfaces  on  each  side  of  it,  and  then 
touching  the  place  where  the  fault  appears  to  he,  with  the  earth- 
wire,  and  seeing  whether  there  ig  a  fall  in  the  electrometer. 

In  the  Booond  case,  where  the  bulk  would  prevent  the  whole 
from  being  ineulatod,  we  should  continue  to  coil  the  oore  upon  an 
ineulated  drum  until  the  fault  disappeared — that  is,  nntil  it  wan 
coiled  on  the  drum.  This  is  a  useful  method  when  dealing  with 
"  served  core,"  that  is  core  with  its  hemp  covering  only,  at  a  cable 
factory. 

542.  By  the  foregoing  method  a  joint  may  he  tested  with  gr«at 
ease  by  immersing  it  in  an  insulated  trough  of  water,  and  putting 
the  latter  to  earth,  or  even  by  simply  touching  the  moist  joint 
with  the  earth-wire. 

543.  The  tests  can  be  made  with  a  galvanometer  instead  of  an 
electrometer,  although  it  is  not  such  a  sensitive  arrangement.  In 
this  case  the  battery  would  be  connected  through  the  galvano- 
meter to  the  conductor,  as  in  an  ordinary  insulation  test,  and  then 
the  drums  be  connected  to  earth  alternately,  when  the  deflection  of 

which  drum  the  fault  exists;    but  as  the 
each  drum  may  be  very  unequal,  and  consequently  one 
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drum  may  show  a  greater  deflection  simply  in  virtue  of  its  having 
a  greater  length  of  core  on  it,  the  rush  of  current  alone  is  not 
sufficient  to  enable  the  drum  on  which  the  fault  is,  to  be  found ; 
but  by  carefully  watching  the  electrification,  and  seeing  whether 
the  fall  is  regular  or  not,  no  difficulty  will  be  found  in  fixing  upon 
the  drum  containing  the  fault.  The  battery-power  required  will 
vary  with  the  magnitude  of  the  fault  and  the  sensitiveness  of  the 
instrument,  and  can  only  be  determined  by  experience  and 
experiment. 

Jacob's  Method. 

544.  This  method,  which  is  a  very  satisfactory  one,  consists 
in  winding  the  faulty  core,  no  matter  what  the  resistance  of  the 
fault  happens  to  be,  on  to  a  drum  or  platform  which  requires  to  be 
only  partially  insulated,  so  that  a  wooden  stand  or  even  the  floor 
is  often  quite  sufficient ;  the  battery  with  one  pole  to  earth  is  then 
applied  direct  to  the  conductor  of  the  core  the  other  end  of  which 
is  insulated,  the  galvanometer  is  inserted  between  the  drum  and 
earth ;  thus  so  long  as  the  resistance  between  the  drum  and  earth 
along  the  surface  of  the  core  or  otherwise  is  not  too  smctll,  so  as  to 
shunt  the  galvanometer  too  much,  the  current  through  the  fault, 
if  it  be  on  the  drum,  will  flow  through  the  galvanometer  to  earth, 
but  if  the  fault  is  not  on  the  drum  the  current  will  pass  direct  to 
earth  since  the  tank  in  which  the  rest  of  the  core  is  coiled  will  be 
to  earth ;  the  core  will  be  then  wound  off  or  on  accordingly  until 
the  fault  is  found.  Often  this  fault  will  not  be  visible  to  the 
naked  eye  and  the  exact  place  can  be  electrically  determined  by 
passing  the  end  of  the  wire  leading  from  the  galvanometer,  over 
the  surface  of  the  core,  while  the  battery  is  connected  as  above 
described.  If  two  drums  are  used,  the  core  on  one  will  have  its 
surface  connected  to  earth,  and  that  on  the  other  connected  to  the 
galvanometer,  or  vice  versd,  so  that  it  can  be  seen  that  the  fault 
has  not  disappea,red  in  coiling  over.  It  should  be  added  that  in 
this  test  there  is  no  necessity  for  cleaning  the  surface  of  the 
portion  of  core  between  the  two  drums,  and  that  any  description 
of  core  except  that  covered  with  a  metallic  sheathing,*  can  be  so 
tested. 

*  When  a  cable  is  to  be  laid  in  seas  where  the  teredo  worm  abounds,  it  is 
now  nsoal  to  coyer  the  insulated  core  with  a  close  fitting  lapping  of  thin  brass 
tape. 


\ 
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CHAPTEE  XSIII. 

LOCALISATION  OF  A  DISCONNECTION  FADLT  IN   j 

Localisation  of  a  Total  Disooms&n-ioN. 

545.  The  looaliBation  of  a  total  dieconneolion  in  a  caHe  is  a 
very  easy  matter.  The  condiieter  being  broken  ineide  tbe  inBn- 
lating  sheathing,  a  battery  connected  to  the  end  of  the  cable  will 
charge  tbe  latter  up  as  far  as  tba  faalt  only,  coneoqnently  if  we 
measure  the  discharge,  and  compare  it  with  the  disobarge  from  a 
condenser  of  a  known  capacity  charged  from  tbe  same  battery,  wo 
shall  obtain  the  capacity  of  the  portion  up  to  the  fault.  Also 
since  the  capacity  per  knot  of  the  cable  ia  always  known,  the 
observed  capacity  of  the  length  in  question,  divided  by  the  capi 
per  knot,  will  give  at  once  the  distance  of  the  fault. 


LOCAUSATION   OF  A   PARTIAL  DlSCOSNECTION. 


»pa^^^ 


540.  Partial  disconnection  faults,  although  they  are  seldoni 
met  with  in  cables  with  gntta-peroba  cores,  frequently  occur  id 
those  whose  insulating  material  ia  indiarubber.  This  arises  from 
the  elasticity  of  the  substance  ;  for  when  any  undue  strain  is  pot 
on  the  core  the  conductor  breaks,  but  the  indianibber  only 
stretches,  and  an  earth  fault  is  not  made.  'VMien  the  stmin  U 
taken  off,  the  two  ends  of  the  conductor  come  together  and  make 
contact  more  or  less  perfectly.  If  the  break  Ih  noticed  at  the 
moment  the  cable  is  being  laid  from  the  ship,  its  position  is  of 
course  known.  But  in  some  cases  a  fault  of  this  nature  does  not 
develop  itself  tintil  some  time  after  the  submersion ;  its  locality 
can  then  only  be  found  by  testing. 

Such  faults  are  difficult  to  localise,  as  none  of  the  ordinary 
tests  are  applicable  to  them.  The  following  method,  however, 
devised  by  the  author,  is  susceptible  of  considerable  accuracy  if 
carefully  made. 

In  Fig.  177  B  E  represents  the  cable  with  its  further  end 
to  earth ;  R  and  r  are  the  resielanoes  of  the  portions  of  the  cable 
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on  either  side  of  the  disconnection,  and  y  is  the  resistance  of  the 
latter ;  a,  6,  and  c  are  the  three  sides  of  a  Wheatstone  Bridge,  of 
which  the  cable  forms  the  fonrth  side ;  g  and  gi  are  two  galvano- 
meters, the  former  being  of  the  ordinary  Thomson  form  and  the 
latter  also  a  Thomson,  bnt  provided  witii  heavy  needles,  so  that 
its  movements  are  very  sluggish. 


Fig.  177. 


Connected  to  the  battery,  and  also  to  the  galvanometers,  is  a 
key  of  a  peculiar  description ;  it  is  formed  in  two  parts.  The 
ordinary  lever  k  of  the  key  has  its  back-stop  connected  through 
the  galvanometer  gi  to  the  junction  of  the  resistances  a,  h ;  thus 
when  the  key  is  in  its  normal  position  the  galvanometer  gi  is 
connected  to  earth.  The  second  portion  of  the  key  consists  of  a 
lever  Z,  to  the  underneath  part  of  which  is  fixed  the  metal  piece 
Zj,  which  is  insulated  from  L  Normally,  as  shown  in  the  figure, 
li  rests  on  a  stop  connected  to  one  pole  of  the  battery,  the  other 
pole  of  the  latter  being  connected  to  B.  The  point  P  is  connected 
permanently  with  Z^,  whilst  the  lever  I  is  itself  permanently  con- 
nected to  the  galvanometer  g. 

Now,  the  result  of  this  arrangment  is,  that  normally  the  battery 
is  connected  between  the  points  B  and  P,  and  the  galvanometer 
g^  is  connected  between  the  junctions  of  a  and  h  and  with  earth, 
that  is  with  the  end  B  of  the  cable ;  the  whole  arrangement,  in 
fact,  forms  an  ordinary  Wheatstone  Bridge. 

Now,  if  a,  &,*  and  c  are  adjusted  so  that  balance  is  produced, 
then  the  needle  of  the  galvanometer  g^  will  stand  at  zero ;  if, 
when  this  is  the  case,  the  key  k  be  depressed,  g^  will  be  discon- 
nected, and  when  the  lever  of  k  touches  the  end  of  I,  g  will  be  put 
in  circuit  in  the  place  of  gi ;  but  immediately  this  takes  place 
l^  will  be  lifted  off  its  contact,  and  the  battery  will  be  cut  off ; 
exactly  at  this  moment  then  the  charges  in  the  cable  will  dis- 
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charge  and  divide  themselves,  portions  flowing  oat  at  the  farther 
end  and  the  other  portions  flowing  out  through  g,  a,  aud  h,  and 
thence  through  c  to  earth.  A  iArow  of  the  needle  of  the  galvano- 
meter will  thus  be  produced. 

Supposing  the  key  &  to  be  in  its  normal  position,  so  that  the 
battery  canecs  a  current  to  How  through  the  cable,  whilst  the 
adjusted  that  the  galvanometer  g^  is 
unaffected,  then  let  V  be  the  potential  at  the  beginning,  and  v  be 
tho  potential  at  any  other  point  of  the  portion  B  D, 

r  the  key  be  depressed,  the  charges  in  the  cable  repre- 
sented by  the  areas  A  BCD  and  EHK,  will  flow  out  at  the  two 
jude  of  the  c*ble  in  proportions  dependent  upon  the  values  of  the 
resistancoB  R,  y,  and  r,  and  the  combined  reeietancea  of  a,  i,  g, 
and  c. 

Let  V  (fa:  be  a  differential  part  of  tho  charge  A  B  D  C,  then  this 
portion  will  split,  and  the  portions  flowing  out  at  the  two  ends  ef 
tho  cable  will  be  inversely  proportional  to  the  rcsiatanoe*  on 
cilher  side  of  r  dr;  thus  the  portion  flowing  out  at  B  will  bo 

t+y+r- 


a  the  combined  resietance  of  a,  t,  g,  and  c. 


that  ii 


dQ'. 


V (H  +  y  +  r-tr)' 

(K.+B  +  y  +  OCE+y  +  r)*"' 
aud  the  integial  of  this  between  the  limits 

a;  =  E  and  a;  =  0 
will  give  the  quantity  Q'  flowing  through  the  golvanometw^ 


«'=X'^ 


'CB,  +  E  +  ,  +  r)(E  +  i, 


(V. +,  +  ,-„)' 
(U,  +  B  +  J  +  r)  (E  +  J  +  r) 


dl 


h»  +  r 


.yd. 


_  r(B  +  ,+r)--&  +  r)--l 


'  (E,  +  E  +  s+r)(B  +  ,  +  r)L 

.1  ■  (E,  +  E  +  J,  +  r)  (B  +  ,  +  r)  • 
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Similarly  we  should  find  that  the  quantity  Q"  flowing  out  from 
the  portion  r  of  the  cable  would  be 

Q"  =  ~  • 


3      (Ri4.R4.y4.r)(R4-y  +  r)' 

and  therefore  the  total  quantity  Q  flowing  through  the  galvano- 
meter will  be 

"^  ^  "^    ~   3  •  (R,  +  R  +  y  +  r)(R  -f.  y  +  r)  "  '^-       ^'^ 

Now  the  total  quantity  Q^  which  the  cable  would  take  if  its 
further  end  were  insulated  and  the  end  B  maintained  at  the 
potential  V,  would  be 

Qi  =  V(B  +  r). 

Again,  if  /  be  the  capacity  in  microfarads  of  such  a  length  of 
the  cable  as  would  have  a  conductor  resistance  of  1  ohm,  then 
(R  +  ♦•)  /  ^^^  ^  *^®  actual  total  capacity  of  the  cable,  and  if 
Q.J  be  the  charge  held  by  a  condenser  of  F  microfarads  capacity, 
also  charged  to  the  potential  V,  then 


therefore 


Q,:Q2::(R  +  r)/:F; 


or 


F 

Substituting  then  this  value  of  V  in  equation  [1]  we  get 

^-3F     (Kx  +  R  +  y  +  r)(R  +  y  +  r)- 
Let 

R  -f-  y  +  *•  =  1^1    therefore,    y  -f-  *"  =  L  —  R ; 
R  -j-  r  =  Li,     therefore,     r  =  Lj  —  R. 

Substituting  these  values  in  the  last  equation  we  get 

^       3  F  ■  (Ri  +  L)  L 

_  Q, /    L^-L^-SLR'  +  SL^R  +  R'  +  L,»-J-3L, R»-3 L,»R - W 
~  3F"  (R,  +  L)L 

^Q,/    Lt^+  3 R(L'  -  L.«)  -  3 R» (L  -  LJ . 
3F'   ^  (R,4-L)L 
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therefore 


therefore 


B»-B(L  +  L)=-^Q^<^  +  ^^'^-Q^^'- 


therefore 


3QF(B,  +  L)L-Q,/Lt» 
3Q^(L-L,)        "' 
that  is 

n-^h.         /(L  +  L,)'~3^F (B,  +  L) L  -  Q,/£7  roi 
"-       2       "V i 3Q,/(L-ln)  '■'SJ 

Now  the  quantity  Q  discharged  at  B  will  split  between  the 
resistances  g,  and  a  +  h^  the  quantity  Q3  passing  through  the  gal- 
vanometer being 

from  which 

The  value  of  B^,  the  combined  resistance  of  a,  &,  ^^  and  c,  will 

and  since  balance  is  produced  in  the  bridge 

ac 


therefore 


^=6 


R,  +  L  =  «+#-t4^+''" 


h  +  c  +g  ^    h 


a(H.C  +  «>]=jj^^i^jb(« +  »)  +  <■(»  + 'Ml 
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and  therefore 

Q(Ei+L)=  ^[^(a  +  b)+a(6+c)]. 

Substituting  this  valne  in  equation  [2]  we  get 

/(L  +  LO'  ^[g(a+h)+a(h+c)-]h-QJL» 

T»  _  ^  +  1^1  / 2 ^ 

«--^--/y/  4  3  Q  J'CL  -  LO 

in  whicli,  as  we  have  before  stated, 

T       "^ 

Should  it  be  necessary  to  employ  a  shunt  for  the  galvanometer 
g^  of  the  ^th  value  say,  then  the  observed  deflection  will  have  to  be 
multiplied  by  n  in  order  to  give  the  vctlue  of  Q3,  and  also  the 
value  of  ^  in  the  formula  will  be  -^tk  of  the  actual  resistance  of  the 
galvanometer. 

For  example. 

In  localising  a  partial  disconnection  in  a  cable  by  the  foregoing 
test,  the  branches  a  and  b  of  the  bridge  were  made  100  ohms  each, 
and  balance  was  obtained  on  g  when  c  was  adjusted  to  5000  ohms ; 
consequently  since  a  and  5  are  equal 

L  =  C  =  6000. 

The  conductor  resistance  L^  when  the  cable  was  perfect  was 
2000  ohms. 

The  resistance  of  the  galvanometer  was  5000  ohms,  but  when 
the  discharge  was  noted  it  was  necessary  to  employ  the  ^th  shunt, 
so  that  in  the  formula  we  must  put 

5000      K^^ 
^.-^  =  600. 

The  discharge  deflection  observed  on  depressing  the  key  was 
248  divisions,  therefore 

Q3  =  248  X  10  =  2480. 

The  discharge  deflection  Q,  observed  from  a  condenser  of  1 
microfarad  capacity  (F)  when  charged  to  the  potential  V  was  202 
divisions  with  no  shunt,  therefore 

Qa  =  202. 

2  H 
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The  cable  having  a  confluctor  reaiatance  of  10  ohms  per* 
and  an  inductive  capacity  of  -3  microfarad  per  knot,  the  capacity 
in  microfarada  of  euah  a  lengtii  of  the  cable  as  would  have  » 

conductor  ronistancc  of  1  ohm,  would  be  —  - 


icrofarad,  ^^^ 


/  (5000  +  2000)' 


[500  (100  +  100)  +  100  (100  +  5000)]  5000  -  202  x  "03  x  2000' 
3  X  202  X  -03  (5000  -  2000)  ^^H 

=  3500  -  2996  =  504  ohms.  ^^B 


I 


547.  In  making  this  test  practically,  after  c  and  Qj  have  been 

obtained  the  cable  must  be  dieconnectcd  from  the  bridge,  and  a 
rcsiataiice  equal  to  L  be  connected  between  B  and  F,  the  potential 
at  the  point  B  will  then  still  bo  V,  and  further  the  galvanometer 
can  be  removed  without  altering  thiR  potential;  the  oondenser 
and  galvanometer  must  then  be  joined  up  in  the  manner  ehoim 
by  Fig.  126,  page  292,  the  wiroB,  however,  which  in  that  figure 
are  ehuwn  aa  connected  to  the  battery,  being  connected  in  the 
present  case  to  the  points  B  and  F,  Fig.  177  (page  461)  ;  then  tha 
discharge  obtained,  multiplied  by  the  shunt  (if  on©  ia  employed), 
gives  Q,. 

548.  It  will  Bomctimes  be  found  that  the  cable  is  traversed  by 
an  earth  current.  The  effects  of  this  may  best  be  neutralised  in 
the  manner  indicated  on  page  273,  §  294,  Chapter  IX.,  the  com- 
pensating battery  being  connected  between  the  cable  and  the 
point  B,  and  adjustment  effected  with  the  lever  tl^  raised  so  as  to 
cut  the  testing  battery  off;  when  the  galvanometer  j,  is  unaffected 
the  adjustment  ia  correct,  the  lever  11^  ia  then  let  down,  and  the 
teet  made  as  if  no  earth  current  existed. 

549.  As  it  would  be  a  matter  of  considerable  difficulty,  if  not 
of  ini possibility,  to  adjust  the  bridge  balance  wilh  an  ordinary 
Thomson  galvanometer  (17, )  in  conaequence  of  the  latter  being 
greatly  affected  by  slight  changes  iu  the  earth  current,  a  galvano- 
meter with  a  heavy  needle  whoae  movements  are  very  sluggish. 
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and  which  is  oonBequently  unaffected  by  slight  and  sadden 
changes  of  current,  is  necessary  for  the  purpose.  For  measuring 
the  discharge,  however,  a  highly  sensitive  instrument  (g)  is 
necessary,  which  must  be  brought  into  use  only  at  the  exact 
moment  required,  since  it  is  necessary  that  its  needle  be  steady 
at  zero  at  that  time.  By  the  arrangement  of  key  shown  in 
Fig.  177  (page  461),  this  object  is  completely  effected,  as  the 
galvanometer  g  is  only  brought  into  use  at  the  moment  when  the 
battery  is  out  off^  and  the  cable  discharged. 


2  H  2 
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■  468 

^^^^^  CHArTER  XXIV. 

I  A  METHOD  OF  LOCALISING  EABTH  FAULTS  IN 

H  Localisation  of  Fadlt  when  Cable  is  not  broken, 

H 

H    posBfiasoB 


CABLES.  ^^H 


650.  This  teat  is  of  the  saine  nature  as  the  foregoing,  and 
the  advantngo  of  having  all  the  necessary  observationa 
taken  siniultauoonsly,  and  from  one  end  of  the  cable  only. 

In  Fig.  178,  R  and  p  represent  the  resistances  of  the  portion* 
of  the  conductor  of  tho  cable  on  oither  aide  of  the  fault,  and  r 
represents  tho  reeistance  of  the  fault  itself.     Aa  in  the  previous 


K       ^zj, ^13:^    ■ 

H  ^X-^  "*  KfffftA         1^  Earth  ^^H 

H   test,  a,  h,  and  c  are  tho  three  sidee  of  a  Wheatstone  bridge,  of 
^      which  the  oftblo  forms  thn  fourth  side,  and  a  and  a.  are  t^tro  tral- 


which  tho  oablo  forms  the  fourth  side,  and  g  and  ^,  are  two  gal- 
Tanometers.  ill^ia  a  key,  the  oonstruction  and  working  of  which 
were  fully  described  in  the  previous  test  (page  461),  and  which  it 
is  unneoessary  to  consider  again  here. 

Supposing  tho  key  to  be  in  its  normal  position,  then  let  V 
represent  the   potential   at  the   beginning  of  the   cable,  v   the 
potential  at  the  fault  and  also  at  the  further  end  H,  and  r  the 
■     potential  at  any  point  between  B  and  0. 

^h         If  now  the  key  k  is  depressed,  the  charge  in  the  cable,  which 
^^^  represented  by  the  area  A  6  C  D,  will  flow  out  at  B  and  at  D  in 
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proportions  dependent  npon  the  values  of  the  resistances  r,  B  and 
the  combined  resistances  a,  5,  g,  and  c. 

Let  t;  da;  be  a  differential  part  of  the  charge.    Then  the  portion 
of  this  which  will  flow  ont  at  B  will  be 

^^^  =  "B,+B  +  r^' 

where  B^  is  the  combined  resistance  of  a,  &,  ^,  and  c. 
Now 

Y:v  ::B  +  r:B+r- a?; 
therefore 

U  +  r 

therefore 

*'       *(B,  +  B  +  r)(B  +  r)*"' 


-r 


and  the  integral  of  this  between  the  limits  x  =  'R  and  x  =  0  will 
give  the  total  quantity  g^*  ^^^  ^  ^^®  charge  A  B  D  C,  flowing  out 
at  B,  that  is 

V         (B  +  r  -  «)« 
(Ei  +  K  +  r)(R+r)'** 

°(B,  +  B7r)(B  +  r)X"^"  +  '--''>''^ 

(R,  +  B  +  r)  (B  +  r)  L  3  J 

=  Y  (B+ry-r3 

3'  CBi  +  B  +  r)(B  +  r)' 

Now  besides  the  quantity  g^  there  will  be  a  quantity  ^2  flowing 
out  at  B,  due  to  the  charge  represented  by  the  area  C  D  H  I.  Let 
this  charge  be  g*,  then 

but 

V  :  V  : :  R  +  r  :  r, 
therefore 

R  +  r 

therefore 

rp 


5=V 


B  +  r 


■)         (ll,  +  ll  +  r)(I+-) 

K  f  ^  «&  W  w  S^  H  it  Md  hi  hrtW  end  TCI 
lA  MK  X  *  ^tf  faM  ifc^pd  10  tie  potntnl  r,  tBcs  Ik 
■-^  «iM  at  la^  BO  ««U  oHlMB,  iKnlil  1«  npv- 

-   I      I  •    r  I  'li  '••  'i  j"  ~r    "• 
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»iid 

P 
therefore 


r  =  L- 
-  L,     or, 


f.  L|-L  +  r 


ri  +  SHy  =  L^  -r>+3r»{L,  -L)  +  Sr> 
L"  +  3  (L  -  E)'  (L,  -  L)  +  2  (L  -  B)' ; 


tbflrefure 
CL-B)». 


3{L, -L) 


(L  -  E)»  =  1^ 


3QF(H,J-L)X 


Also  if  Q3  equals  the  quantity  diBcharged  ihrongKuwt ; 
meter,  then  by  anbatituting  this  quantity  and  the  cor 
of  a,  b,  c,  and  (/,  to  which  R,  in  equal,  in  the  m^^.—r'^owii  on 
page  4(W,  in  the  last  chapter,  we  shall  have        ^^ 


0  +  t) +«(»  +  «)]  L 


L'. 


If  in  making  the  teat  it  ie  found  uecesaary  to  employ  a  shunt 
with  the  galvanometer  when  taking  the  discharge,  then  if  the 
Valve  of  this  shunt  be  ;th,  we  must  multiply  the  observed  deflco- 
turn  by  «  in  order  to  obtain  Q^,  and  also  the  value  of  q  in  the 
\  abova  equation  will  be  -th  of  the  actual  resistance  of  the  galvano- 
|.  meter. 

From  the  cahie  c^natum  [1]  E  has  now  to  be  determined;  this 
kn  be  done  in  the  fbllowing  manner . — 
I^viding  each  nifi  by  (L^  —  "Lf,  we  get 

j-L-RV  .   a/L-BV  0 


/L-B       Ki     8  /L-B\      1 


2(Li-L)» 
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that  10,  ^ 

He:^  -  2)  -  HlT^  +  2)+ 1  -  (LpfL)3  =  0.  [2] 

Now  .oUB  oquation  is  of  the  same  form  as  the  identity 

4  008^  a  —  Soosa  —  0063a  =  0; 

if  then  we  put 

20 

(L,  -  Ly  -  1  =  «»  3  a.  [3] 

^^    -^11  hare 

Now,  L-B  ^  1 

insnlated,  iT'^Jj      2  ~  ^*  **' 

quantity  Qi,  ^ 

■\^nted  by  the  eq.!^  T>  .  /t        t  n  /  i> 

^^-^.^  ....r^    —  B=  (Li-.L)(cosa-i); 

^tt^    L^(Li-.L)(ooBa-.i).  [4] 

2  0 

So  t}  >•  woia  ♦  the  nnmerieal  value  of  7= =rr-      l, 

and  led  in  a  *^ak>l^  of  oosines   to  what  angle   this  corre- 

spc  b    .  the  cosine  of  Jrd  of  this  augle  gives  cos  a,  which 

val  iserued   in  oo'^ation   [4]   enables   the  value  of  B    to  be 

obt  d. 

*•  example, 

A.  loc  "  ung  a  ^au  oy  mo  foregoing  test,  the  two  arms  a  and 
h  of  Ho  I  ge  were  made  100  ohms  each,  and  balance  was  obtained 
on        hen  c  was  adjusted  if^r"   ^  ohms  ;  therefore  L  =  700  ohms. 

resistance  of  the  lometer  was  5000  ohms,  but  when 

til'         charge  was  ni  it  the  xVth  shunt  was  inserted,   bo 

ho  discharge  deflection  observed  on  depressing  the  key  was 
3r  Visions;  therefore  Q3  =  338  x  10  =  3380.  The  discharge 
d(  j.-jon  Q2  obtained  from  a  condenser  of  1  microfarad  capa- 
city F)  charged  to  the  potential  V  was  106  divisions  with  the 
^\iL  shunt;  therefore  Qj  =  106  X  10  =  1060.  The  capacity  / 
of  such  a  length  of  the  cable  as  would  have  a  conductor  resistance 
of  1  ohm  was    '03   microfarad;   and  lastly,  the  total  conductor 


> 
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jstance  Lx  of  the  cable  when  sound  was  1100  ohms.    Thus  we 

a    =     100 

h    =     100 

17    =     600 

c    =     700  '^^ 

L    =     700 

Li  =  1100 

Qa  =  1060 

Qa  =  3380 

F     =  1 

V  /    =   -03 

Net 


-> 


<  3380  X  1  [500  (100  +  100)  +  100  (100  +  700)  ]  700 

100  X  1060  X  -03  " 

^  '    cf    7003  =  401,770,000  -  343,000,000  =  68,770,000; 

jr^       2  0  __  2  X  58,770,000 

7'f^       ^1  -  L)3  "■  ^  -  (1100  -  700)3   -  I  - 

/       '  =008  of  33°  13*-"'    '^'     •  c!' 

33°  13'  «    , 

a  =  — ~-  =  11°  4', 

the  cosine  of  which  is  *9814;  therefore 

R  =  700  -  (1100  -  700)  (-1      *  -  i)  =  607  ohms,   ,oT. 

which  gives  the  distance  of  the  fault. '    '  "^  ^I'  dil^^      a^ 

551.  It  may  be  remarked  that  the  foregoing  test  is  'r.  ■  '^^xo^lent 
example  of  one  of  those  rare  cae  V  which  the  solutionv*  \:  an 
equation   of   the   third    degree  is  '-^^lly  required,  fttii'  in 

which  the  application  of  trigonometi  nuko  for  the  fii^  ose 

is  useful.*  ^*  '^ 

552.  Now  the  cosine  of  an  angle  can      ver  exceed  1,  and  il-  will 

sometimes  be  found,  on  working  out  the  value  of  7-= =-r        1, 

(III  -  li 

that  its  value  will  exceed  unity ;  consequently  in  such  a  R 

cannot  be  determined  by  the  help  of  a  cosine  table,  but  some     ner 

method  must  be  adopted.    Let  us  determine  this  method. 

*  Bee  Todhuntcr'it  Trigonometry,  Third  Edition,  Chapter  XVIL,  page  202. 
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In  equation  [2]  (page  472)  let 

L-B , 1_  1 

L7irL"^2""^"f*4y' 
we  then  have 

4l^  +  8sr  +  ^  +  l^-8,.A  +  i__|C_^,^ 

or 

Let 

(L»-L)»      '-^' 
therefore 

^         4*^        64        ' 

a  quadratic  equation,  from  which  y^  can  be  determined  in  the  ordi- 
nary manner.     Thus 

^        4^"'"V8/  -64      64' 
therefore 

or 
and 

y  4- Ji  =  i  {[K  +  >/K^^:ri>  +  [K  +  VW^iyi] 

9 

=  i  {[K  +  Vk^^^i>  +  [K  -  VK^"^]!} ; 

so  that  wo  get 
R  =  L  -  (Li  -  L)  i  {[K  +  VK^^^n]*  +  [K  -  /K^":^]!-  l), 


in  which 


and 


'^-(L.-L)'-'' 


3Q,F[y(a  +  6)+a(t  +  c)3L 


A  METHOD  OF  LOCALISING  EABTH  FAULTS  IN  GABLES.   475 

Tot  example. 

In  makicg  tlie  test,  stippoBe  the  following  to  have  been  the 
numerical  values  of  the  different  quantities  : — 

a  =  100 
h  =  100 
g  =  600 
c  =  900 
L  =  900 
Li  =  1100 
Qa  =  300 
Qa  =  1230 
F  =  1 
/  =  -03 
therefore 

3  X  1230  X  1  [500  (100  -f  100)  +  100  (100  +  900)]  900 
^  -  100  X  300  X  -03  ■" 

900«  =  638,000,000  -  729,000,000  =  9,000,000 ; 

therefore 

^^2x9,000,000 
(1100  -  900)3 
therefore 

VK^"^^=  Vl-252-  1  =  -75; 

from  this  we  get 

R  =  900  -  (1100  -  900)  i  {2*  +  •6»  -  1} 

=  900 -^{1-2599+  -7937-1)  =  795  ohms. 

Localisation  of  Fault  when  Cable  is  broken. 

653.  In  this  case,  referring  to  page  470,  the  quantity  dis- 
charged at  B  when  the  key  is  depressed  will  be  only  q^  instead 
of  gi  +  Ja ;  consequently  equation  [A],  on  the  same  page,  will 
become 

^^  3F  •(Ri  +  R  +  r)(R  +  ry 
or 

Q2/ 


476 

ftnd  putting 


we  get 


therefore 
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B  +  r«L,«iidrsL  — B, 


^  ^  Q./  ' 


therefore 


-  B  =  ^L»  _  iQl^?L+^?' 


Q./ 


and  by  snbstitiitiDg  a,  6,  c,  (^,  and  Q„  in  the  manner  ahown  on 

page  464,  we  get 


R 


"^   v^    no 


jPor  example. 

In  localising  a  fracture  in  a  submarine  cable  by  the  foregoing 
test,  a  and  b  were  made  100  ohms  each,  and  balance  waes  obtained 
on  g  when  c  was  adjusted  to  700  ohms. 

The  resistance  of  the  galvanometer  was  5000  ohms,  but  when 

the  discharge  was  noted,  the  i^th  shunt  was  inserted,  therefore 

5000       ^^^   , 
g  =  —    -  =  500  ohms. 

The  discharge  deflection  observed  on  depressing  the  key  was 
186  divisions,  therefore  Q3  =  116  X  10  =  1860.  The  discharge 
deflection  Q2  obtained  from  a  condenser  of  1  microfarad  capacity 
(F)  charged  to  the  potential  V  was  120  divisions  with  the  ^^^th 
shunt,  therefore  Qj  =  120  x  10  =  1200.  The  capacity  /  of  such 
a  length  of  the  cable  as  would  have  a  conductor  resistance  of 
1  ohm  was  *  03  microfar^,  then 


R  =  700-^7003-^^J-J-J«^^^^^ 
=  700-529  =  171  ohms. 


( 
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554.  A  great  merit  in  the  foregoing  methods  of  testing  for 

faults  lies  in  the  fact  that  the  two  cable  measurements  can  be 

made  almost  simultaneously ;  thus  the  moment  balance  is  obtained 

on  01  by  adjusting  c,  at  that  moment  the  key  is  depressed,  and 

the  discharge  deflection  Q3  noted  on  the  galvanometer  g.     The 

other  measurement,  viz.  that  from  the  condenser,  can  be  made 

at  leisure.     Thus  after  c  and  Q3  are  obtained,  the  cable  must  be 

disconnected  from  the  bridge,  and  a  resistance  equal  to  c  be 

connected  between  B  and  F,  the  potential  at  the  point  B  will 

then  still  be  Y,  and  farther,  the  galvanometer  g  can  be  removed 

without  altering  this  potential ;  the  condenser  and  galvanometer 

must  then  be  joined  up  in  the  manner  shown  by  Fig.  126,  page 

292.    The  wires,  however,  which  in  the  latter  figure  are  shown  as 

connected  to  the  battery,  must  in  the  present  case  be  connected 

to  the  points  B  and  F,  Fig.  178  (page  468) ;  then  the  discharge 

obtained,  multiplied  by  the  shunt  (if  one  is  employed),  gives  Q,. 

555.  Should  earth  currents  be  present  when  the  test  is  about 
to  be  made,  they  may  be  neutralised  in  the  manner  explained  on 
page  273,  §  294,  in  Chapter  IX.,  and  also  at  the  end  of  the  last 
chapter  (§  548,  page  466). 

556.  With  reference  to  the  foregoing  test  it  should  be  men- 
tioned that  Mr.  J.  Gott  states  that  it  is  often  possible  to  increase 
the  resistance  of  the  fault  at  the  end  of  a  broken  cable  to  such  an 
extent  that  practiccJly  the  whole  of  the  discharge  may  be  obtained 
at  the  nearer  end.  For  this  purpose  the  charging  battery  should 
be  of  from  7  to  10  volts  electromotive  force,  the  zinc  pole  being 
connected  to  earth ;  the  battery  should  be  applied  to  the  cable  for 
some  time  before  taking  the  discharge.  The  lower  the  resistance 
of  the  galvanometer  consistent  with  a  sufi&ciently  high  figure  of 
merit  (page  79),  the  better,  as  must  be  obvious. 
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CHAPTER  XXV. 

GALVANOMETEB  EESISTASCK. 

557.  The  question  of  what  reeistance  a  g«lTanomet«r  ahonld 
have  in  order  that  it«  figure  of  merit  (page  79)  may  be  hi^ 
inTolvea  several  pointa,  Buch  aa  "the  shape  of  the  ooil,"  "tl» 
dwraeter  of  the  wire,"  &c.  The  determination  of  all  these  pointa, 
however,  would  be  more  OBeful  for  the  purpose  of  finding  what  we 
the  most  ocoaomical  conditions  andor  wbichagalvanometercaste 
made,  than  (what  is  more  to  the  parpose  of  the  practical  electridu) 
for  showing  how  any  particular  galvanometer  can  bo  arranged  lo 
as  to  enable  any  particular  test  to  be  made  with  aconrsoy. 

The  problem  we  have  to  solve  in  the  latter  case  is  as  follows:— 

Having  given  a  galvanometer  with  a  coil  of  a  certain  size,  shonld 

thin  or  thick  wire  he  on  it  in  order  that  any  particular  test  ma; 

be  made  nndei  the  most  favourable  conditions?    Or  supposing  tli« 

coil    to   bo  divided  into  sovoral  seotioo, 

—     ,_n  how  should  the  latter  be  coapled  up? 

Referring  to  Fig.  179,  which  represent! 
a  BOcttoD  of  a  galvanometer  coil,  let  ni 
direct  our  attention  to  the  4  turns  of  wire 
at  A.  If  these  4  turns  ho  joined  np  in  one 
continuons  length,  then  calling  the  resist- 
ance  of  each  turn  4.  their  total  Tesistanoa 
will  be  4  X  4,  or  4'.  If.  however,  the  4 
turns  bo  coupled  np  for  "  quantity,"  titv 
their  joint  resistBuce  will  be  1. 

If  we  BuppoBo  the  total  current  flowing 
to  be  constant,  then  in  the  case  where  tlie 
4  wires  are  joined  np  in  one  oontinuom 
length,  the  current  makes  4  tnms  round 
the  needle  of  the  galvanometer,  its  effect 
will  therefore  be  equal  to  4;  but  in  the 
eocond  case,  where  the  tnms  of  wire  are 
coupled  np  for  "  quantity,"  the  same 
current  only  makes  1  turn  round  the  needle,  hence  its  effect  can 
only  be  equal  to  I. 
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If  instead  of  4  turns  we  have  9  turns,  then  the  relative  values 
of  the  resistances  when  joined  up  in  one  continuous  length,  and 
when  joined  up  for  "  quantity,"  will  he  as  1  to  9  x  9,  or  9^  whilst 
the  relative  efifect  of  the  cuiTcnt  on  the  galvanometer  needle  will 
be  as  1  to  9. 

In  the  first  case  then,  where  the  resistance  was  reduced  4' 
times,  the  effect  on  the  needle  was  only  reduced  4  times ;  and  in 
the  second  case,  where  the  resistance  was  reduced  9^  times,  the 
effect  was  only  reduced  9  times;  or,  in  other  words,  the  effect 
varied  directly  as  the  square  root  of  the  resistance,  consequently 
for  the  whole  of  the  galvanometer  the  effect  varies  directly  as  the 
square  root  of  its  resistance. 

If  we  replace  the  4  wires  at  A  by  a  solid  wire  of  twice  their 
diameter,  then  this  wire,  shown  by  the  dotted  lines,  will  have  the 
same  resistance  as  these  4  wires  coupled  up  for  "  quantity,"  and 
its  influence  on  the  magnetic  needle  will  be  very  nearly  the  same. 
As  a  matter  of  fact,  the  effect  will  be  rather  less,  in  consequence 
of  the  metal  being  differently  distributed  over  the  area  which  the 
4  wires  occupy.  But  inasmuch  as  the  silk  covering  with  which 
the  yrires  are  insulated  is  practically  of  the  same  thickness  for 
large  as  for  small  wires,  if  the  thick  wire  were  wound  on  the  coil 
the  sectional  area  of  that  wire  would  actually  be  rather  larger 
than  the  area  of  the  small  wires  which  it  takes  the  place  of,  con- 
sequently we  may  without  any  considerable  error  say  that  the 
effect  varies  directly  as  ^^ 

558.  This  fact  enables  us  to  determine  what  should  be  the 
resistance  of  the  galvanometer  in  order  that  any  particular  test 
may  be  made  under  the  best  possible  conditions.  Let  us  take  the 
case  of  the  Wheatstone  Bridge. 

On  page  204  we  obtained  an  equation  which  gave  the  strength 
of  the  current  flowing  through  the  galvanometer  when  equilibrium 
was  very  nearly  produced,  viz. : 

Ex(adi^hx) 

^^  {g(a  +  x)  +  a(d  +  x)i  {r(d  +  x)+d{a  +  x)}' 

This  equation  may  be  written 

1  Eg(ad^- 6a;) 

C-r         .^^  _i_  .^.  ^  (a  +  x){r(d+x)  +  d{a  +  x)} 


{» + °-^} 


(F+*)>'^- 
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We  have  shown  that  the  eSeot  of  the  galvanometer  c 
the  noodle  varies  directly  as  the  square  root  of  the  resistaiioe  of 
the   former.      Its  effect  must  also  vary  directly  as   the  cmrreot 
passing  through  the  coils,  oonsoquently  the  total  eSbot  M  « 


M  = 


is  +  t) 


xK« 


Vg+  - 


'here  »  is  a  oonstant  dependent  upon  the  ehapG  of  the  coil,  th« 
lagnetic  strength  of  the  needle,  tito. 

We  have  to  find  what  value  of  <j  will  make  IS.  as  large  as  poosiU^ 
and  this  we  shall  do,  since  K  k  is  constant,  by  finding  what  value 


of  g  will  make  ^g  -h 


■/9 


tall  OB  ptoasible. 


Vs 


=  (v»  - 


Vs' 


and  this  will  he  made  a  minimum  by  making  ^g  — — =  a  z 
mum,  that  is,  by  making 


therefore 
but 


V?  -  -^  =  0, 

Jg=^k,     or,    g  = 

a(d  +  x) 


and  — ^^ — ; '  iH  the  6 


a+b+d+x 


this    expression  is    the    joint  resiatanoe   of    the   i 
-  either  side  of  the  galvanometer ;  theoretically  therefore  wa  should 
make  g  equal  to  this  quantity  if  we  wish  M  to  be  aa  large  u 
possible. 

This  rule,  however,  although  it  ahows  whi»t  value  g  should 
have  in  order  to  make  M  an  absolute  maxjniuiii,  is  one  which  can- 
not well  be  strictly  followed  out.  We  should  rather  seek  to  deter- 
mine to  what  extent  the  exact  rule  may  be  violated  ivithoat 
Berioualy  dimiuishing  M. 
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Let  US  suppose  g  iohe  n  iiines  A-,  then  we  have 

nk  +  k  n  +  1       ^k 

for  an  absolute  maximum  n  =  1,  tbat  is 

1       Kic 

Suppose,  now,  we  make  g  nine  limes  as  large  as  &,  that  is, 
make  n  =  9,  then  we  have 


9  +  1^  V*     ^'^     V* 


K 


In  other  words,  although  g  is  nine  times  as  great  as  it  should  be 
for  making  M  a  maximum,  yet  M  has  only  been  reduced  from  ^ 

down  to  -^y-.     Or,  to  put  it  in  another  way :  supposing  we  were 

making  a  bridge  test,  employing  a  galvanometer  of  the  exact 
theoretical  value  for  obtaining  a  maximum  deflection,  and  supposing 
that  having  nearly  obtained  equilibrium,  the  deflection  of  the  gal- 
vanometer needle  was  3  •  3  divisions,  then,  if  the  resistance  of  the 
galvanometer  had  been  9  times  the  theoretical  value,  the  deflection 
would  only  have  been  reduced  down  to  2  divisions. 

It  must  therefore  be  evident  that,  unless  we  employ  a  galvano- 
meter whose  resistance  very  much  exceeds  the  theoretical  value, 
this  resistance  will  practically  be  the  one  required.  If  it  is  neces- 
sary to  draw  a  limit,  we  may  say — avoid  making  the  resistance 
more  than  10  times  as  great  (or  as  small,  as  can  also  be  shown)  as 
the  theoretical  value. 

559.  It  will  be  found  that  in  all  tests  in  which  g  has  a  parti- 
cular best  value,  an  equation  of  the  form 

m--^xKk 

g  +  k 

can  be  obtained,  k  in  fact  is  in  reality  the  resistance  external  to 
the  galvanometer,  so  that  we  have  simply  to  find  what  this 
resistance  is,  and  then  make  g  as  nearly  as  possible  equal  to  it. 
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CHAPTER  XXVI. 

SPECIFICATION  FOB  MANUFACTURE  OF  OABLE.^ 
SYSTEM  OF  TESTING  CABLE  DUBING  MANUFACTUBS. 

560.  As  soon  as  the  laying  of  a  new  cable  has  been  decided 
npon,  and  the  route  which  it  is  to  take  has  been  selected,  &q^  the 
manufacture  has  to  be  commenced.  The  choice  of  the  types  of 
cable  to  be  adopted,  the  lengths  of  the  "shore  ends,"  "inter- 
mediate," and  ** deep-sea"  sections  are  purely  matters  of  expe- 
rience and  discretion  with  the  engineers  in  charge  of  the  work, 
and  no  satisfactory  rules  for  general  guidance  can  be  laid  down. 

When  the  description  of  cable  has  been  settled  upon,  a  speci- 
fication has  to  be  drawn  up,  of  which  the  following  is  a  general 
specimen. 

561.  The Telegraph  Company  and 

Telegraph  Works. 

Contract   Specification  for  tlie  manufacture  of  the   Submarine 

Telegrjiph  Cable  of  the Telegraph 

Company,  to  be  laid  between  the  coist  of ,  near 

-  _    ._  ,  and  the  Island  of . 

The  following  lengths  of  cable  will  be  required  : — 
Actual  distance,  480  knots  (each  being  2029  yards),  or,  in- 
cluding 10  per  cent,  slack,*  528  knots. 

A.  Main  cable 500  knots. 

B.  Intermediate  cable 11 

C.  Shore-end  cable 17 


t9 
19 


Core. 

The  core  of  the  entire  length  of  cable  to  be  as  follows : — 
Conductor. — To  be  formed  of  a  strand  of  seven  copper  wires  of  a 
conductivity  of  not  less  than  98  per  cent,  of  pure  copper  according 

*  The  amount  of  slaok  required  will  Tary  witli  the  length  of  the  cable  and 
with  the  depth  of  water  it  ia  laid  in. 
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to  Matthiessen's  standard,*  and  weigliing  one  hundred  and  seven 
(107)  ponnds  per  nantical  mile  (2029  yards.) 

Insulator, — The  copper  conductor  to  be  covered  with  three 
coatings  of  the  pnrest  gutta-percha,  a  coating  of  Chatterton's  com- 
pound being  placed  next  the  conductor  and  between  each  layer 
of  percha.  The  insulator  to  weigh  one  hundred  and  fifty  (150) 
pounds  per  nautical  mile,  making  the  weight  of  the  conductor, 
when  covered  with  the  insulator,  two  hundred  and  fifty-seven 
(257)  pounds  per  nautical  mile. 

The  insulation  resistance  of  each  coil  to  be  not  less  than  250 
megohms  per  naatical  mile  after  having  been  kept  in  water,  main- 
tained at  a  temperature  of  75°  Fahrenheit,  for  not  less  than 
twenty-four  consecutive  hours,  and  after  one  minute's  electri- 
fication. 

Each  coil  of  insulated  wire,  before  being  placed  in  the  tem- 
perature tank  for  testing,  to  be  carefully  labelled  with  the  exact 
length  of  wire,  the  exact  weight  of  copper,  and  the  exact  weight 
of  insulator  it  contains. 

A  margin  of  4  pounds  over  or  under  the  specified  total  weight 
(257  lbs.)  will  be  allowed,  but  the  mean  weight  of  the  core  for  the 
whole  cable  must  not  be  under  the  specified  weight. 

The  core  during  manufacture  to  be  carefally  protected  from 
sun  and  heat,  and  kept  under  water. 

Joints, — Every  joint  to  bo  tested  by  accumulation,  and  the 
leakage  from  any  joint  during  one  minute  not  to  be  more  than 
double  that  from  an  equal  length  of  the  perfect  core.  Notice  to 
be  given  to  the  inspecting  o£&cer  of  the  company  when  a  joint 
is  about  to  be  made,  so  that  he  may  test  it. 

Serving  and  Sheathing. 
Main  Cable  A, 

Serving. — The  insulated  conductor  to  be  served  with  the  best 
wet-tanned  Bussian  hemp  to  receive  the  sheathing  as  specified, 
and  to  be  then  kept  in  tanned  water  and  not  allowed  to  be  out 
of  water  more  than  is  necessary  to  feed  the  closing  machine. 

Sheathing, — The  served  core  to  be  sheathed  with  fifteen  gal- 
vanised iron  wires,  each  *  120  of  an  inch  in  diameter. 

The  lay  to  be  10  inches,  no  loose  threads  of  hemp  to  be  run 
through  the  closing  machine,  and  no  weld  in  any  one  iron  wire  to 
be  within  six  feet  of  a  weld  in  any  other  wire.  The  sheathed  core 
to  be  finally  covered  with  three  coatings  of  an  approved  bitu- 

•  See  page  427,  §  504. 
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niinous  compoimd,  a  serving  of  tarred  yam  made  from  the  M^| 
Busbiah  bemp  beisfi;  placed  hetween  each  layer  of  compound,  eacb 
serving  uf  yam  IxiiDg  laid  on  in  contrary  directions." 

Intermediate  Cabh  B, 

Servinij  to  bo  eimUar  in  every  reepect  to  that  on  the  lUin 
Cable  A. 

Sheathing  to  be  generally  similar  to  that  specified  for  the  Uain 
Cable  A,  but  the  iron  covering  to  consist  of  ten  galvanised  iron 
wires,  each  *  ISO  of  an  inch  in  diameter.     The  lay  to  be  1 0  inchn 

Shore-End  CcOih  C. 
The  shore-end  cable  to  coitsist  of  Cable  A  complete,  and  further 
well   served  nitb  the  best  wet-tanned   Russian  hemp,  and  then 
sheathed  with  twelve  galvanised  iron  wires,   -300  of  an  inch  in 


The  lay  to  bo  17  inches,  no  looee  threads  of  hemp  to  be  ran 
through  the  closing  machine,  and  no  weld  in  any  one  iron  wire  to 
be  within  sis  feet  of  a  wold  in  any  other  wire.  The  sheathed  core 
to  be  finally  covered  with  three  coatings  of  an  approved  bitn- 
minouB  compound,  a  serving  of  tarred  yarn  made  from  the  bc«t 
Bussian  bemp  being  placed  between  each  layer  of  compound,  each 
serving  of  yarn  being  laid  on  in  contrary  directions. 

The  completed  cable  as  fast  as  it  is  mude,  to  he  passed  into  s 
tank  of  water  and  kept  covered  with  water  until  shipped.  A 
correct  indicator  to  be  attached  to  the  dosing  machine,  and  tba 
length  of  cable  to  bo  marked  as  agreed.  ^^^h 

Qdalitv  of  Materials.  ^^^| 

tThe  wire  used  in  tho  Main  Cable  A  to  be  of  the  beat  quali^T^^ 
homogeneous  wire,  galvanised,  and  having  a  tensile  strength  of 
60  tons  per  square  inch  area,  and  850  Iba.  as  a  minimum  breaking 
strain  on  a  length  of  12  inches  between  the  clamps.  Tho  wire 
must  elongate  not  less  than  |  per  cent,  before  breaking.  It  shall 
bend  round  itself  and  unbend  without  breaking.  The  joints  in  the 
homogeneous  wires  to  bo  of  the  form  decided  upon  by  the  company's 
and  contmotor's  engineers,  and,  as  far  as  practicable,  no  one  joint 
to  bo  within  sii  feet  of  any  other  joint. 

*  In  Ibc  plrwe  of  thu  tnrrad  yam  and  the  compound,  ttro  layeia  of  tap*. 
■atDrnt«d  with  n  uiKture  or  roain  oil  and  pitch,  eaab  1s;er  being  vaand  rm  in 
mntrur;  dueotiotu,  ore  soiuetimes  emplo]«d ;  this  gives  an  excellent  flnuh  to 
the  Oftble. 
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The  iron  wire  to  be  used  in  Cables  B  and  0  is  to  be  of  the 
quality  known  as  Best  Best,  free  from  inequalities,  galvanised  and 
annealed,  and  having  a  tensile  strength  of  25  tons  per  square  inoh 
of  area.  A  margin  of  5  per  cent,  will  be  allowed  in  weight,  pro- 
vided the  average  weight  is  as  specified  above.  The  wire  for 
Cables  B  and  C  to  be  capable  of  being  bent  round  a  cylinder  four 
times  its  own  diameter  and  unbent  without  breaking.  No  wire 
of  brittle  quality  shall  be  put  into  the  cables,  and  the  engineers  or 
their  assistants  shall  have  power  to  reject  any  hanks  which  break 
frequently  in  the  closing  machine,  or  are  of  unsatisfactory  quality. 
No  weld  shall  be  made  in  the  B  and  C  cables  within  six  feet  of  any 
other  weld. 

The  galvanising  of  the  iron  to  bear  four  dips  of  one  minute 
each  in  a  solution  of  one  part  by  weight  of  sulphate  of  copper  and 
five  parts  of  water. 

Each  intermediate  cable  to  be  finished  off  with  suitable  tapers 
to  be  arranged  to  the  satisfaction  of  the  engineer  of  the  company. 

Testing  Accommodation. 

A  proper  room  and  all  necessary  batteries  and  leading  wires 
to  be  provided  for  testing  the  cable  during  the  whole  manu- 
facture. 

iNSPECmON. 

The  engineer  of  the  company  or  his  agents  to  have  access  to 
the  works  for  inspecting  and  testing  cable  and  all  materials  em- 
ployed, and  may  reject  all  materials  which  are  unsatisfactory. 

Penalty. 

The  whole  of  the  cable  to  be  completed  on  or  before  the  time 

stated  in  the  tender  under  a  penalty  of per  cent. 

on  the  price  for  each  day,  or  fraction  of  a  day,  after  the  said  time, 
until  the  day  the  cable  may  be  actually  completed  and  ready  for 
shipment. 

The  manufacture  may  not  be  carried  on  at  night  without  the 
written  consent  of  the  engineer  of  the  company  or  his  agent. 

The  cable  ship  or  ships  are  not  to  leave  the  wharf  with  cable 
on  board  until  the  cable  has  been  thoroughly  tested  in  all  respects 
by  the  engineers  or  their  assistants  from  the  shore,  and  ample 
time  after  the  shipment  of  the  last  mile  to  be  allowed  for  this 
purpose. 
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System  of  Testing  Cable  during  Manotactcre. 


h^P 


562.  Tlie  testB  made  by  the  cable  manQfaolnrers,  altlw 
eyBtemalic,  are  not  as  a, rale  qnite  bo  exact  or  lengthy  a«  thow 
ida  l>y  the  electrician  representing  the  company  for  whom  the 
cable  is  being  made.  The  cable,  once  maunfactured,  passes  out 
of  the  hands  of  the  manufacturer,  and  the  latter  has  no  further 
interest  in  the  matter ;  whereas  the  company  may  reqnire  at  any 
time  to  localise  a  fault,  and  the  more  precise  the  data  they  posi-cu 
the  more  closely  will  they  be  able  to  determine  the  position  of  the 
defect.  Besides,  when  a  large  number  of  cables  are  being  made  *( 
once  at  the  faotoTy  it  would  bo  impoBsible,  without  a  very  large 
etafl",  to  mate  an  elaborate  aeries  of  testa  for  each  cable ;  whereas 
these  can  easily  be  made  by  the  electrician  and  his  assistants  when 
there  is  only  one  cable  to  look  after. 

Tho  methods  of  working  out  the  tests,  and  the  forms  employed 
for  entering  down  the  same,  depend  upon  tho  individual  opinion 
of  the  electiidaii  in  charge  of  tho  work,  but  the  following  will  give 
a  general  idea  of  tho  coui'se  to  be  pursued : — 


Tests  ov  the  Coua 


leneti^ 


563.  The  oore  of  the  cable  is  usually  made  in  2-knot  lengtiw 
approximately,  which  are  coiled  upon  wooden  druma  as  manu- 
factured, and  then  placed  in  tanks  of  water  heated  to  a  temperature 
of  75°  F.  to  be  tested.* 

After  being  placed  in  the  tank,  the  coils  should  remain  there 
for  at  least  twenty-four  hours,  so  that  they  may  acquire  through- 
out their  mass  tho  necessary  uniform  temperature.  At  tho  end  of 
this  time  the  tests  may  be  taken. 

Sheets  A,  B,  C,  and  D  ure  employed  for  entering  all  the  details 
of  the  testa  as  thoy  are  made.  The  working  out  of  the  teats  of 
the  coils  (and  cable)  is  shown  on  corresponding  pages. 

The   figures   given   are  such  us  are  often  obtained  in  aotnal 

Ipi-actice.  The  insulalioa  resistances  of  tho  coils  are  very  often 
considerably  higher  than  those  shown,  but  this  depends  upon  the 
time  which  elapses  after  tho  manufacture,  and  also  npon  the 
quality  of  tho  gutta-percha. 
differ 
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kg       213  =      2-328ST96 
losI'9M5=        -2998556 

2-0285238 
r=  log  or  108-79 


(A> 


Ji^M 


log      214  =     2- 

log  2-8874  =        -a82«339 

2-0277799 
=  log  €f  108-80 


Na.3CoiL 

log       215  =      2-8:124385 
log  20089=        -3025257 

2-0299128 
=  log  of  107-18 


r«L4CWL 

log       214  =      2-3304138 
log  1-9990  =        -3006128 

2-0296010 
=  kg  of  107-05 


No.  5  Coa. 

log       212  =      2-3288859 
log  1-9990=        -3008128 

20255231 
logofl0605 


No.  I  Coil 


Chttta-percha. 


log       298  =      2-4742163 
log  1-9046=         -2998558 

2  1743605 
=  log  of  149-40 


No.  2  Coil, 


log       302  =      2-48C0069 
log  2-0074=        -3026339 

2-1773730 
=  log  of  150-44 


No.  3  Coil 

log       804  =      2-4828736 
log  2*0069  =        -8025257 


2-1803479 
log  of  151*48 


No.  4  Coil 

log       299  =      2-4756712 
log  1-9990=        -3008128 

2  1748584 
=  log  of  149-57 


No.  5  Coil. 

log       296  =      2-4712917 
log  1-9990  =        -3008128 


2  0174789 
=  log  of  148-07 
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Calculations  fob  Sheet  (B). 

Conductor  Betisiamce. 

NclOoO. 

log   22*68      =  1*3556431 
log     1*9946  =    -2998558 

1*0557873  =  log  (^11*37 
log  106*79      s  20285238 

30843111  =  log  of  1214*3 
=  98*5  per  cent,  pure  copper^ 

No.2CoiL 

log   22*65      =  1*3550682 
log     20074  =    *3026339 

1*0524343  =  log  of  11*28 
log  106*60      =  2  0277799 

30802142  =  log  of  1202*9 
=  99*5  per  cent  pure  copper  ♦ 

No.  3  Coil 

log   22*61      =  1*3543006 
log     2*0069  =     -3025257 

1  0517749  =  log  of  11*27 
log  107  13      =  2  02991 28 

3  0816877  =  log  of  1207*0 
=  99*1  per  ceut.  pure  copper  * 

No.  4  Coa, 

log    22*46      =  1-3514098 
log      1*9990  =     -3008128 

1-0505970  =  log  of  11-24 
log  107-05      =  2*0296010 

3*0801980  =  log  of  1202*8 
=  99 '5  per  cent  pure  copper  * 

No.  5  Cha. 
log  22-82  =  1-3583156 
log      1*9990=     *  3008128 

1* 0575028  =  log  of  11 -42 
log  100*05      =  2  0255231 


3  0830259  =  log  of  1210*7 
=  98-9  per  cent,  pure  copper  • 


AprHSrd. 


*  Table  II.    See  also  page  429,  §  505. 
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CALCULATIOHa  FOB  ShEET  (C). 

A 

IndwcHoe  CapadiM. 

log       8rs    -4771218 

log  1720  =  8-2355284 

log   880  =  2-5185189 

G  +  S  _  5460  +  S30      57S 

6*2311686  — g  ^0 "  ^ 

log  5790  =  8-7626786 

2-4684850 

Na.lCaiL 
log  167-5       =  2-2240148 

2-4684850 


1-7555298  =  tog  of -5696 
log     1*9946=    '2998568 

14556740  slog  of '2855 

No,2CoiL 
log  169*5       s  2*2291697 

2-4684850 


1-7606847  =  log  of  -5764 
log     20074  =    -8026839 

1-4580508  =  log  of  -2871 

NcBCoiL 
log  169-5        =  2-2291697 

2*4684850 


1-7606847  =  log  of -5764 
log     2-0069  =     -3025257 

•4581590  =  log  of  -2872 

No,  4  Coil. 
log  171-5        =2-2342641 

2-4684850 


1-7657791  =  log  of -5831 
log     1-9990  =    -3008128 

r- 4649663  =  log  of  -2917 

No.  5  Coil 
log  168*5        =2-2265999 

2-4684850 


1-7581149  =  log  of  -5730 
log     1-9990=    -3008128 

1-4573021  =  log  of -2866 
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Calculations  fob  Sheet  (D). 

Apnie 
Insulatian  Bemtanee* 


log  152,000  =  5  1818436 
log  4000  =  3*6020600 


5460  +  4000      9460 


8-7839036  Znoo ~  4000 

log  0460  =  30758911  *^  ^^ 

4-8080125  =  log  of  64271 

No.lCoa. 
4*8080125 
log  148  =  2-1702617 

2-6377508  =  logof434-« 
log  1-9946  =    -2998558  """"" 

*      2  -  9376066  =  log  of8662 

Ko.  2  0(41 
4-8080125 
log  142  =  2- 1522883 

2-6557242  =  log  of  452-6 
log  2-0074=      3026339 

2-9583581  =  log  of  908-6 

No,  3  CoiL 
4-8080125 
log  144-5    =  2  1598678 

2-6481447  =  log  of  444 -8 
log  2-0069=     -3025257 

2-9506704  =  log  of  892-6 

No,  4  Coil, 

4-8080125 
log  140-5    =21476763 

2 -6603302  =  logof457-4 
log  1-9990=     •3008128  

2-9611490  =  log  of  914-4 

No.  5  Coil 

4-8080125 
log  138  =  2-1398791 

2-6081334  =  log  of  405-7 
log  1-9990  =  -3008128       

2-9689402  s  log  of  931  0 
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Calculations  for  Sheet  CD) — continued. 

Percentage  of  Electrification. 
No.  1  CoU.  No,  2  Coil 


148 
139 

142 
132 

log      9  =     -9542425 
log  100  =  2- 

log    10  =  1-0000000 
log  100  =  2- 

2-9542425 
log  148  =  2  1702617 

3-0000000 
log  142  =  2  1522883 

•7839808 
=  log  of  6' 08 

-8477117 
=  log  of  7-42 

No,  3  Coil. 

No.  4  Coa. 

144-5 
136 

140-5 
133-5 

log     8-5  =     -9030900 
log  100      =  2- 

log     7-0  =     -8450980 
log  100      =  2- 

2-9030900 
log  144-5  =  2-1598678 

2-8450980 
log  140-5  =  2-1476763 

•7432222 
s=  log  of  5-54 

-6974217 
=  log  of  4-98 

No,  5  Coil. 

138 
129-5 

log     8-5 
log  100 

=     -9030900 
=  2- 

log  138 

2-9030900 
=  2  1398791 

=  log 

-7631209 
of  5-80 
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Tests  of  the  Cable. 


T 


564,  Ab  Boon  as  one  or  more  ooUb  have  been  tested,  the  mann- 
faoture  of  the  cable  is  commonced ;  and  as  each  ooil  U  passed 
tbrongb  the  covering  or  "  cloMng"  machine,  another  is  jointed  on, 
the  joint  being  made  at  snch  a  time  that  at  leasts  tirentj-foiiT 
hours  can  elapse  between  the  mailing  and  testing  of  the  sam&  To 
ensure  this  neceBsory  time  intervening,  as  eoon  as  one  joinl  ii 
paBsed  through  the  cloeing  machine  the  next  should  be  made,  so 
that  there  is  a  length  of  two  knots  of  coil  to  he  sheathed  before  the 
new  joint  is  reached. 

The  ejatem  of  t«BtiDg  joints  has  been  desoribod  in  Chapter 
XIX.  A  form  for  entering  the  results  of  the  tests  is  ahovra  hif 
Sheet  E. 

In  malting  a  joint  it  is  neoessary  to  cut  off  a  certain  length 
from  each  cuil.  The  amount  of  this  length  varies  according  to 
circumstances,  but  it  is  seldom  more  than  a  few  yards. 

The  order  in  which  the  coils  are  jointed  together  doe*  not 
always  correspond  to  the  order  in  which  they  are  tested  at  75^ 
and  therefore  it  is  necessary  to  note  down  their  consecutive  order 
in  a  column  provided  on  the  test  sheets  for  the  purpose.  In  tbo 
case  of  a  fault  occurring  in  the  cable,  this  information  is  of  use  in 
enabling  an  accurate  measurement  to  be  made. 

Sheets  F,  G,  H,  I,  and  J,  show  the  system  of  entering  the  tests 
as  they  are  taken  each  day.  The  method  of  working  oat  and 
entering  the  results  will  bo  understood  from  the  examples  given. 

Sheet  (J)  shows  the  values  which  the  insulation,  &c.,  of  the 
cable  would  have  if  no  change  took  place  during  the  course  of 
manufacture  ;  the  insulation  values,  therefore,  compared  with  the 
measured  results  during  manufacture,  indicate  whether  (as  should 
be  the  case)  the  insulation  is  improving.  The  conductor  resist- 
ance values  are  used  for  the  purpose  of  calculating  the  tempera- 
ture of  the  cable  (page  442). 

With  reference  to  the  4th,  5th,  6th,  and  7th  columns  on  Sheet  J, 
as  has  been  explained  on  page  246,  $  263,  the  joint  insnlatiou  resist- 
ance of  a  number  of  wires  is  equal  to  the  reciprocal  of  the  sum 
of  the  reciprocals  of  their  rcspeclive  insulation  resistances.  The 
5th  column  contains,  therefore,  the  reciprocals  •  of  the  values  In 
the  4th  column.  These  reciprocals  are  added  together,  and  the 
results  noted  in  the  r>th  column  :  ihe  reciprocals  of  these  nnubers 
give  the  values  in  the  Tth  column. 
^L  565.  When  a  cable  is  of  a  considerable  length  it  is  osnal,  in 

^^k  ■  TheM  are  1i«Bt  nbtnined  rrom  tables  (Barlott'ii  ore  (!:eiienl]y  UBod). 
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order  to  save  time,  to  mannfaoture  the  same  in  several  lengths 
or  "sections,"  so  that  several  machines  can  be  running  at  the 
same  time.  When  the  sections  are  completed  they  are  spliced 
together  so  as  to  form  one  continuous  length.  The  examples 
of  tests  given  represent  the  tests  of  one  section  of  the  Main  Cable. 

Final  Teats. 

566.  On  the  completion  of  the  cable  special  tests  for  insulation 
(page  388,  §  443)  are  made. 

The  general  method  of  recording  these  special  insulation  and 
other  tests,  is  shown  on  page  506,  by  Sheet  E. 

567.  In  the  case  of  a  cable  whose  core  is  insulated  with  gutta- 
percha the  insulation  goes  on  improving  during  the  course  of 
manufacture,  so  that  the  final  test  will  show  (or  ought  to  show) 
the  *'  Besistance  per  knot  reduced  to  75^"  (see  bottom  of  Sheet  E) 
to  be  greater  than  the  '*  Estimated  resistance  per  knot  from  tests 
of  coils  at  75^  "  (Sheet  J,  col.  8,  and  bottom  of  Sheet  E).  This, 
however,  it  should  be  mentioned,  is  not  the  case  when  the  core 
employed  is  insulated  with  indiarubber;  in  this  case  the  insu- 
lation almost  always  (if  not  always)  falls  to  some  extent  as  the 
manufacture  proceeds,  and  this  fall  must  not  be  assumed  to  be  an 
indication  of  any  deterioration  taking  place. 


2  K 


BASDBOOK  or  ELIOTBIOAL  TEniHO. 


I 

a 

u 

I   3 


I 


1 

1 

i 

ill 

Jl 

I    8    S 

s| 

1  s  a 

^1 
-1 

1:1 

3 

1 

1 

ill 

21 

j    S    2 

S| 

1     .     o. 

If 

1  -  - 

1 
1 

1 

1^ 

1^ 

z  z 

j|lj 

III 

l| 

1  i  s 

3 

ifflifl 

1     S     S 

i 

1 

^ :  z 

1 

1 

s 

-     ?     1 

1 

1      ^      t 

ifw 

SYSTEM  OF  TESTING  CABLE  DURING  BIANUPAOTUBB.      499 


Part  of  Calculations  for  Sheet  (F). 
Length  Manufactured, 

log  1404   =31473671 
log  274*25  =  2*4381466 

.      5*9926 
•7092205  =  log  of  5-1194 

•8732 


Part  of  Calculations  for  Sheet  (6). 

Estimated  Temperature, 

log  67-77  =  1-8310375 
log  65-36  =  1*8168120 

0157255  =  log.  ooeff.  57J.* 


Apram. 


Part  of  Calculations  for  Sheet  (H). 

Inductive  Capacity. 

log  3=  -4771213 
log  1720  =  3-2355284 
log    100  =  2- 

G  +  8      5460  +  100  _  5560 

5-7126497  S      "~         100         ""  loo 

log  5560  =  3-7450748 

1-9675749 

log  159*5  =  2-2027607 
1-9675749 


•2351858  =  log  of  1*7187 
log  5  9926=    -7776153 

1*  4575705  =  log  of  -2868 


Table  V. 

2  K  2 
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Part  of  Caloi7LA.tions  for  Sheet  (H) — continued. 

Pereeniage  of  Lots. 

159*5 
129 


log   80*5  =  14842998 
log  100     ss  2* 


8-4842998 
log  158*5  =  2-2027607 

1-2815391  a  log  of  19-1 

Part  of  Calculations  for  Sheet  (I). 

Insulation  Besiitance. 

AprQBiK 
log      152,000  =  5*1818436 
log  8000  =  3*9080900 

5460  +  8000      18460 

9*0849336  gooo        "  8000 

log  13460  =  4  1290451 


4*9558885  =  log  of  90,842 
log  154  =  2*1875207  "■""~' 

2*7683678 
log  ooeff.*  57J°  =    -5778745 


2*1904933  =  log  of  155*1 
log        5-9926=    *  7776153 

2*9681086  =  log  of  929 
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The. 


Manxttaotube  of 


(K) 


.Telegraph  Company. 


SuBifABiHB  Gable  at. 


Gable  Wobks. 

Sbotion  a. — BfAiN  Gable. 

Final  Test. 
Length  —  40*32  knots. 


May  3r(i,  1892. 


Total 
obsenrvd. 


\ 


m.f.  Con- 


Conductor  Resistance, 


Total  of  Coils 

at  76<=. 


Temperature. 


44 1 '  17  ohmB       454 '  41  ohms 


Obeerved. 
61}''  Fabr. 


Calculated. 
61°  Fahr. 


Per  MUe  from 
OoUe  at  lb°. 

11-27 


Inductive  Capacity. 


Cable. 


Percentage 
'^   ofLoea. 


Total. 


lenaer  Dto.  immediate.  Alter  1  mln. 

,^o      ,/v    ,^      5520  +  15  ,^^      5520  +  15 ^^,      , 

172  X  10    162  X r?—  144  X 7? —    11-1    11-585  m.f. 

In  IK 


15 


15 


Per  Knot. 
-287  m.! 


Insulation  Resistance, 

Constant.    Battery  800  Leolanch^      G  =  5520. 

Battery  through  1  megohm,      S  =  tts^>      220  def.     S.  on  Gable,  650  ohniB. 


Time. 

Zinc  to  Line. 

Earth  Reading. 

Copper  to  Line. 

Earth  Reading. 

After  1  min. 

267 

82 

1 

1          300 

66 

t>     2     „ 

233 

53 

i          264 

40 

>»           3         y, 

219 

42 

250 

28 

4 

♦»     *     f» 

213 

85 

241 

22 

n      5     „ 

207 

SO 

234 

18 

f>      6     n 

204 

229 

»      '      »» 

201 

225 

>»      "     i» 

199 

222 

»t     9    -t 

197 

218 

M      10        „ 

195 

215 

„    11      n 

193 

212 

,.   12     „ 

191 

210 

»1     13       M 

189 

208 

«   14    „ 

188 

206 

..  15    „ 

187 

205 

All  readings  steady. 

Beelstanoe  per  knot^-at  normal  ) 
temp,  at  end  of  1st  mln.  >    8600 

Zinc  to  Line ) 

Do.  reduced  to  75®   .     .     .     .        1207 
Do.  from  tests  of  Coils  at  76°  .         888 


Percentage  of  Electrifleatfoo  ) 
between  1st  and  3nd  min.  f 
Do.  Ist  and  15th  min.    .    . 

Signature 


Zinc  to 
Line. 

13*1 


Copper 

toUlML 

12*6 


43*6        48*6 
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CHAPTER  XXVII. 

MISCELLANEOUS. 
DETEBMIKE  THE  TrUE  INSULATION    AND  CONDUCTOE  EeSISTANCES 

OF  A  Uniformly  Insulated  TELBORAPn  Line. 

668.  On  page  7  (§  11)  it  was  pointed  out  that  the  rule  of  mul- 
iplying  the  total  insulation  by  the  mileage  of  the  wire  to  get  the 
ttion  per  mile  was  not  strictly  correct.  Now,  although  the 
;e  on  a  telegraph  line  insulated  on  poles  is  really  a  leakage  at  a 
of  detached  points,  and  not  a  uniform  leakage,  as  in  a  cable, 
^t  practically,  and  especiaUy  in  the  case  of  long  lines,  it  may  be 
considered  as  taking  place  uniformly,  and  consequently  the  solu- 
tions of  problems  dealing  with  cables  also  apply  with  considerable 
accuracy  to  land  lines.  We  may  therefore  consider  the  case  in 
question  by  the  help  of  the  equations  we  have  obtained  in  the 
inveetigations  made  in  Chapter  XXII. 
On  page  455  we  have  an  equation  [12] 

and  on  the  same  page  an  equation  [10] 

m  1 


therefore 

2m  2r     ' 

by  substitution  and  transposition  we  get 

2  ^VE,-VE. 

Since  I  is  the  length  of  the  line,  and  r  is  the  Conductor  resistance 
per  unit  length,  Z  r  is  the  Total  Conductor  BeHstance  of  the  line,  B« 
and  Ri  being  the  respective  total  resistances  of  the  line  when  the 
further  end  is  to  earth  and  when  it  is  insulated. 
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Again  we  bftve  (page  451) 

t 

therefore 

1       »  1 


«       r      V«.B* 


thereroie 

1  i        . 

2«~2Vit.B,' 

by  snbstitntion  and  tranipomtiaii  we  get 


i  2VS.B._. 

^  VH.-VB. 
Since  I  is  the  lengtli  of  the  line,  and  t  is  the  Lmdaiion  resiatanoe 
per  unit  length,  j  is  the  Total  Ifmdaticn  Bmikmee  of  the  line. 

To  get  the  per  mile  resnlta,  we  must,  of  conrae,  in  the  fiist  case 
divide  the  total  by  the  mileage,  and  in  the  second  muUiplff  it  hy  the 
mileage. 

By  expanding  the  logarithm  we  may  obtain  approximate 
simplifications  of  the  foregoing  formxdas. 

We  have 


1  - 


log.  iL^jr^^'  =  log. ^^  =  log.i^t£,  if  «  = 


but 


^''«-r^»  =  M*  +  f  +  6-  +  --"}'' 


therefore 


'-^l^-^{-l•^^(D■-•••^ 

therefore 

T.   U       1    R.  ,  1  /R.V  .  1/R.\'  .       I 

*  Todhnnter's  Algebra,  5th  Edition,  page  887. 
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and 


If  B<  is  not  less  than  5  times  B«,  then  the  formulas 

are  correct  within  1  per  cent. 

If,  however,  B<  is  not  more  than  2}^  times  B«,  then  it  would  be 
necessary  to  take  three  of  the  terms  given  above  in  order  to  be 
correct  within  1  per  cent.  In  such  cases  the  logarithmic  formulse 
would  probably  be  but  little  more  laborious  to  work  out,  and  would, 
of  course,  give  exact  results. 

569.  A  direct  means  of  ascertaining  the  Insulation  Beaistance 
per  mile  of  an  insulated  wire  is  the  following: — 

As  has  been  pointed  out,  on  page  451,  we  have  an  equation 


m*  ^  ~j 


where  r  is  the  conductivity  resistance  per  unit  length,  and  %  the 
insulation  resistance  per  unit  length,  of  the  line.  Also  on  page 
455  we  have  an  equation 

m^ 

where,  as  before,  B«  is  the  total  resistance  of  the  line  when  the 
further  end  is  to  earth,  and  B^  the  total  resistance  when  the  end  is 
insulated.    By  combining  these  two  equations  we  have 

or 

t  =  B,  -'.  [A] 

If  we  take  the  unit  length  to  be  a  mile,  then  r  being  the  true 
conductor  resistance  per  mile,  t  will  be  the  Insulation  Besistance 
per  mile. 
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It  will  be  seen  tbat  the  mileage  of  the  line  does  not  c 
the  eqnatioD,  this  quantity  being  represented  b^ 
B. 


What  we  do,  in  fact,  in  order  to  obtain  the  true  Fnndation  per  vb 
of  a  line,  is  to  multiply  the  total  resiBtanoe  of  the  line  wban  ib 
end  ia  insulated,  not  by  the  atsoZufc  total  conductivity  divided  ly 
the  ahiolute  condnctivity  per  mile,  which  is  the  same  thing  h  tlw 
mileage,  but  by  the  observed  total  conductivily  (i,  e.  the  total 
reeistance  of  the  line  when  its  end  is  to  earth)  divided  by  the  kw 
oondnotivity  per  mile. 

For  example. 

The  reaiatanoe  of  a  line,  200  miles  long,  when  the  farther  end 
waa  insulated  was  4000  ohms.  When  the  end  was  to  earth  Hx 
reeietanoe  waa  2400  ohms.  The  absolute  condnctor  resiatuw 
of  the  wire,  at  the  time  the  measurements  were  being  made,  w«i 
known  to  be  16  ohms  per  mile.  What  waa  the  true  insolaticHi 
per  mile  of  the  line  ? 

t  =  4000  X  ^^  =  600,000  ohms. 


■^  GTO.    It  mnat  be  evident  that  what  is  ordinarily  called  ue 


The  value  of  i  given  by  the  ordinary  m!e  would  bo 
I  =  4000  X  200  =  800,000  ohms, 

a  result  200,000  ohms,  or  33  per  cent.,  too  high. 

GTO.  It  mnat  be  evident  that  what  is  ordinarily  called 
conductor  resistance  of  a  line  is  really  the  true  conductitity 
reeistance  diminished  by  the  conducting  power  of  the  insulators. 
In  the  oase  of  a  land  line,  therefore,  to  obtain  the  value  of  r  from 
equation  [A]  {page  609)  it  would  be  necessary  to  take  a  conduc- 
tivity test  in  fine  weather  when  the  insulation  is  very  high,  and  te 
note  the  temperature  at  that  time ;  and  then  when  an  insulation 
teat  is  made  in  wet  weather,  to  observe  the  temjieratnre,  and  from 
this  oorrect  the  value  of  r  previously  obtained  in  the  fine  weather. 

671.  In  the  case  of  a  submarine  cable,  the  insulation  reeistance 
(when  the  cable  is  in  good  condition)  is  always  so  greatly  in 
excess  of  the  conductivity  resistance  that  the  true  value  of  the 
latter  is  obtained  at  once  by  measuring  the  resistance  of  the  cable 
when  its  end  ia  to  earth.  Also  the  insulation  per  mile  is  prtto- 
tically  equal  to  the  total  resistance  when  the  end  is  insulated, 
multiplied  by  the  mileage. 
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Testing  Telegraph  Lines  bt  Beceivbd  Cubrents. 

572.  The  system  of  daily  testing  for  insnlation,  described  in 
Gliapter  L,  page  6,  and  which  was  in  general  nse  on  the  lines  of 
the  Postal  Telegraph  Department,  has  been  superseded  by  a  system 
of  testing  by  received  currents,  which  possesses  many  advantages 
over  the  old  method  of  testing. 

Every  day  at  a  definite  time,  currents  from  batteries,  each  of 
an  approximately  definite  electromotive  force,  are  transmitted 
over  the  different  lines,  or  sections  of  lines,  and  the  strengths  of 
the  currents  received  at  the  further  ends  are  measured.  It  is 
evident  that  the  strengths  of  these  currents  will  vary  with  the 
amounts  of  leakage  on  the  lines,  that  is  with  the  state  of  their 
insulation ;  if  then  the  battery  power  employed  for  transmitting 
the  currents  be  constant,  the  strengths  of  the  received  currents 
observed  from  day  to  day  will  give  an  accurate  knowledge  of  the 
condition  of  the  lines. 

The  way  in  which  this  general  principle  is  practically  carried 
out  is  as  follows : — 

Let  AB  (Fig.  180)  represent  the  section  of  line  to  be  tested, 
then  to  each  end  of  the  latter,  resistances,  B,  B,  of  10,000  ohms 


^,,&,A 


'        W,000 


& 


320 


FiO.  180 
^ 


.lit... ....... « — ..^.-^-l— — -». 


600 


600 


w,ooo        I 


each  are  connected,  together  with  a  galvanometer  O  (whose 
resistance  is  320  ohms)  and  a  battery  E  (whose  resistance  is 
also  approximately  320  ohms),  as  shown.  Although  the  sections 
tesi^  are  not  all  of  equal  lengths  or  resistances,  yet  practically 
they  are  such  that  they  may  all  be  assumed  to  have  a  mean 
conductor  resistance  of  1000  ohms. 

Now   it   can   be   demonstrated   mathematically  that  if  the 
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resistanoes  B,  R,  are  very  great,  then  a  "  resultant "  fanl 
(that  is,  the  total  insulation  reaistance  of  the  line)  will  produce 
very  nearly  the  same  effect  on  tlie  current  received  on  the  g«l- 
TQuometor  G,  whether  thiti  fault  is  at  the  middle,  at  the  enij.  or 
at  any  intermediate  point  on  the  line.  Ab  a  matter  of  fact  tbe 
fault  has  the  greatei^t  influence  when  it  is  at  the  middle  of  the 
line,  and  the  least  influence  when  it  is  at  either  of  the  ends,  bat 
when  the  resistances  B,  K,  are  each  about  10  times  the  conductor 
reeiBtance  of  the  line,  then  the  difibrence  in  the  two  caeea  it 
practically  very  small.  If  then  we  assume,  for  conronience  of 
calculation,  that  the  resultant  fault  ie  at  the  middle  of  the  line, 

„ E_ f_  _         E/ 

E  *  "i^  ^E.+Z"  K,<+2E,/ 

where  G,  is  the  current  received  on  the  galvanometer  G,  E  tiia 
eleotromotiTe  force  of  the  battery,  and  Ei  the  total  resistance  on 
either  side  of  the  fault  /. 
From  this  equation  we  get 

.V  '  . 

•'-  E  ~     E         2 


Now  the  hatt«ry  from  whioli  the  current  is  sent  Donnsta  of  SO 
Daniell  cells,  and  if  we  take  the  oleotromotivo  force  of  a  Daniel! 
cull  to  be  1-07  volts  approximately,  we  have 

E  =  50  X  1-07  =  53-5voIt8. 
We  also  have 


=  320  +  10,000  +  500  =  10,820  o 


/  = 


63-5 


therefore 


where  C,  is  measured  in  amperes. 

If  now  we  so  adjust  the   galvanometer  G  by  meana  < 
directing  magnet,  that  one  milliampfire  (n^th  ampere)  of  Oi 

■  Sob  page  273,  S  306. 


10,820  X  10,820  X  C,       10,820 

■00000045798         „„„  „  „     '^'"^ 
— g—  -  -00018484 
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giyes  a  defleotion  of  80  diyisions,  then,  if  d  be  the  defleotion  given 
by  any  other  current,  we  most  have 

d 
80  X  1000  "=  ^  ^  '0000125  amperes. 

From  this  last  equation,  then,  we  can  obtain  the  strength  (Cr) 
of  the  received  current,  in  amperes,  corresponding  to  any  particular 
deflection ;  whilst  from  the  previous  equation,  by  inserting  this 
value  of  Cr,  we  can  obtain  the  corresponding  value  of/,  that  is  the 
total  insulation  resistance  of  the  line. 

FffT  example. 

Suppose  d=  136 ;  then 

a  =  136  X  -0000125  =  '0017  ampdres; 
therefore 

/=    /N/v^/N/N/N^.>/»^o =  11,909  ohms, 

/       ■  00000045698  _.QQQ,3^^ 

•0017 

or  11,900  ohms,  approximately. 

573.  In  order  to  save  calculation,  a  table  showing  the  values  of 
Cr  and  /  corresponding  to  the  various  deflections  (i°),  is  provided 
at  each  of  the  different  test  offices ;  this  table  is  arranged  as  on 
p.  514. 

574.  In  order  that  the  station  transmitting  the  currents  may 
be  able  to  ascertain  whether  his  50-cell  battery  is  in  proper  con- 
dition, he  can  test  its  electromotive  force  in  the  following  way  : — 

i  The  battery  being  joined  up  in  circuit  with  the  galvanometer 
and  two  of  the  10,000  ohms  resistances,  the  deflection  is  noted. 
Now  if  the  50  cells  are  in  proper  condition,  their  total  electromotive 

force  would  be 

50  X  1-07  =  53-5  volts. 

Taking  then  the  resistance  of  the  battery  to  be  320  ohms 
approximately,  and  the  resistance  of  the  galvanometer  being  1070 
ohms,*  the  current  deflecting  the  needle  will  be 

53-5  X  1000 _   ^_^.      .... 

320  +  10,000  +  10,000  +  1070  =  2-5012  milliamperes. 

♦  When  this  test  is  being  made,  the  galvanometer  resistance  is  320  +  750 
=  1070  ohms;  the  750  ohms  is  a  resistance,  connected  to  the  instrument, 
whose  use  will  be  explained  in  describing  the  latter. 

2  L 
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But  the  adjustment  of  the  tangent  galvanometer  shonld  be  suoh 
that  1  miUiamp^re  of  current  gives  80  divisions ;  consequently  if 
the  electromotive  force  of  the  50  cells  is  equal  to  53*5  volts,  the 
deflection,  d^,  obtained  should  be  such  that 


that  is 


di  :80:  :  2-5012:  1, 
di  =  80  X  2-5012  =  200-096  =  200  approximately. 


200  then  is  the  deflection  which  should  be  obtained  if  the 
battery  is  in  proper  condition ;  if  the  latter  is  not  the  case,  how- 
ever, Uien  the  power  is  brought  up  to  its  approximate  proper  value 
by  adding  on  an  extra  cell  or  two  until  the  deflection  is  increased 
to  200  as  nearly  as  possible.  It  is  seldom  necessaiy,  however,  to 
do  this  in  practice. 

575.  The  measurements  of  the  currents  are  effected  by  means  of 
a  tangent  galvanometer  of  the  pattern,  and  with  the  scale,  shown 
on  pages  23  and  31  respectively,  and  with  the  standard  cell 
described  on  page  149. 

Fig.  181  shows  in  general  plan  one  arrangement  of  the 
galvanometer. 

Fio.  181. 


In  this  instrument  there  are  three  coils  of  wire,  the  one  nearest 
the  needle  consisting  of  No.  35  copper  wire  wound  to  a  resistance 
of  320  ohms.  The  other  two  coils  are  of  No.  18  gauge — the  one 
between  C  and  D  making  three  turns,  and  the  one  between  D  and 

2  L  2 
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E  making  twelve  -turns  in  the  opposite  direction.     The  latter  coils 
are  for  making  rough  tests  of  batteries. 

Let  c  be  the  current  whose  strength  is  to  be  tested,  then  if  we 
connect  the  wires  conveying  this  current  on  to  terminals  C  and  D, 

we  get  an  effect 

0  X  3  =  3  c. 

If  we  connect  the  wires  to  terminals  C  and  E,  the  effect 

will  be 

c  X  12  -  c  X  3  =  9  c. 

Again,  if  we  connect  the  wires  to  terminals  D  and  E,  the  effect 

will  be 

0  X  12  =  12  c. 

Lastly,  let  terminals  C  and  E  be  coupled  together  by  a  piece 
of  wire,  and  let  the  connecting  wires  conveying  the  current  to  be 
measured  be  connected  to  terminals  C  and  E,  then  the  current 
0  will  split,  and  the  amount  going  through  the  12  turns  of  wire 
will  be 

3        _     1 

^^  12T^"^5' 

and  the  amount  going  through  the  3  turns  of  wire  will  be 

12  4 

The  effect  produced  by  the  current  going  through  the  12  turns 
of  wire  will  be 

1  ,«         12 
c-xl2=c-; 

and  the  effect  produced  by  the  current  going  through  the  3  turns 
will  bo 

4  o  12 
0-  X  3  =  c    -  ; 

5  5  ' 

therefore  since  the  currents  both  affect  the  needle  in  the  same 
direction,  the  joint  effect  will  be 

12   ,      12         24 
c  —  +  0—  =  0—  =o4'8. 
5  6  6 

We  can  therefore  obtain  degrees  of  sensitivenees  in  the 
prop  01 1  ions 

3  :  4-8:  9  :  12 
or 

1:1-6:3:4. 
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These  relative  values  are,  however,  only  approximate.  The 
resistances  of  the  wires  are  practically  nil. 

An  adjusting  magnet  (shown  in  Fig.  16,  page  23)  is  set  on  the 
upper  part  of  the  instrument. 

576.  In  testing  the  strength  of  a  current  in  milliamperes, 
the  standard  cell  is  connected  to  A  and  B,  and  both  plugs  are 
removed  from  the  plug-holes;  there  is  then  in  circuit  a  total 
resistance  of  1070  ohms,  viz.  750  +  320.  As  the  electromotive 
force  of  the  standard  cell  is  1  •  07  volts,  the  resulting  deflection 
of  the  galvanometer-needle  (which  is  adjusted  by  means  of  the 
adjusting  magnet  to  80  divisions  on  the  outer  scale)  will  be  due 
to  a  current  of 

1*07 

— — •  =001  ampere,  or,  1  milliamp^re, 

and  any  other  deflection  obtained  with  any  particular  current, 
compared  by  direct  proportion  with  the  standard  deflection,  will 
give  the  strength  of  that  current  in  milliamp^res. 

When  the  standard  deflection  is  obtained,  the  standard  cell 
is  removed  and  the  circuit  from  which  the  received  current  is  to 
be  measured  is  connected  to  terminal  A^  terminal  B  being  put 
to  earth. 

Ftg.  182. 


In  order  to  enable  the  oscillations  of  the  needle  to  be  checked 
as  quickly  as  possible,  a  key  is  provided  which  short  circuits  the 
instrument  on  being  depressed, 

677.  A  more  rewi'  •»*>nmeter  for  the  foregoing 

tests iBshown  in/  ''^  general  view  by 

Fig.  183. 
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In  this  galvanometer  the  thick  wire  OoiU  shown  in  Fig.  161 
are  aholished,  and  the  ring  is  donble  wotind  with  two  wire*,  each 
of  the  latter  having  a  resistance  of  160  ohms,  so  that  when  the 
two  wires  are  joined  in  series  the  total  resistance  of  the  ring  la 
320  ohme,  as  in  the  older  pattern  instrument. 

The  ends  of  the  wires  nre  eonneoted  to  tijrminals  1  and  3  and 


to  2  and  4  rcspoctively,  the  connections  being  such  that  when 
terminals  2  and  3  are  joined  together,  and  a  current  is  sent  from 
terminal  1  to  terminal  i,  the  two  coils  both  tend  to  deflect  the 
needle  in  the  same  direction.  Connected  with  terminals  1  and  4 
(bo  as  lo  embrace  both  the  IGO  ohm  coils  when  the  latter  are  joined 
in  series  by  connecting  terminals  2  and  3)  are  six  shnnta  of  the 
,  reitpective  values  Voth.  a'ntJ',  A"i,  aVth,  ,j|oth,  and  ^th  ;  thrm 
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shnnts  reduce  the  sensitiveness  of  the  instrument  to  these  values, 
and  at  the  same  time  reduce  the  resistance  between  the  terminals 
1  and  4  from  320  ohms  to  32,  16,  8,  4,  2,  and  1  ohms,  respectively. 
There  is  also  a  750  ohm  resistance  coil  (as  in  the  older  pattern 
instrument),  which  is  normally  in  circuit  between  terminal  4  and 
the  coils,  but  which  can  be  cut  out  of  circuit  by  the  insertion  of  a 

The  winding  of  the  two  160  ohm  coils  on  the  ring  is  differential, 
80  that  if  necessary  the  instrument  can  be  used  as  an  instrument 
of  this  description. 


To  Determinb  the  Conductor  Resistance  of  a  Line  when  the 
Strengths  of  the  Sent  and  Received  Currents  are 

KNOWN. 

578.  Referring  to  Fig.  180,  page  511,  if  C.  be  the  sent,  and  C^ 
the  received,  current,  then 


but 


E 


C.= 


B,+     «>^ 


therefore 


c.  =  - 


E  E  EC. 


a      „  /,   ,CA       R,(C.  +  Q)' 


R.  +  E,^;    R,(i4-^;) 


therefore 

R   -       ^ 

But  R^  is  \alf  the  total  resistance  of  the  circuit,  hcnoe  if  this 
circuit  is  the  conductor  resistance  of  the  line,  then 

2B  E 


Conductor  Resistance  = 


c.  +  c,  "  c.  +  c/ 


that  is  to  say  it  equals  the  electromotive  force  of  the  battery 
divided  by  the  arithmetic  mean  of  the  sent  and  received  currents, 
a  fact  which  was  first  pointed  out  by  Mr.  A.  Eden.* 

•  'Electrical  Review,'  Jon.  latli,  1892. 
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To  Determine  the  Insulation  Eesistance  of  a  Line  mthen  the 
Strenqths  of  the  Sent  and  Beceiyed  Gctersnts  are 

KNOWN. 

579.  This  may  be  arrived  at  as  follows : — ^We  have  from  the 
foregoing, 

/       a 


therefore 


therefore 


or 


B,+/~  C 
C./=C,E, +C,/, 


aB,=/(c.-co. 


but  since 


therefore 


or 


E.= 

,c.-a. 

E. 

E 

~  c.  +  0/ 

a       E 

~  c.  +  c' 

) 

EC 

r 

EC, 

^   (c.  -  c)  (c.  +  c)  -  c?  -  a» 

580.  Supposing  now  we  wished  to  know  what  would  be  the 
resistance  of  the  line  (Fig.  180)  measured  from  one  end  with  the 
further  end  disoonnected,  the  resistance  B^  +fiD.f&GU  We  have 
then 

„  ,  ^_    E  EC,         E    r        g    1 

"' ■♦■•^ - C.  +  C,  ^  (C.-CXC  +  C)  ~  c.  +  cL       c.-cj 

-       ^       X     -^   -      ^^'  fAl 


c.  +  a     c.-c,  ~  c.»-a»- 

581.  This  result  may  also  be  arrived  at  in  the  following 
manner : — 

The  further  end  of  the  line  being  to  earth,  and  I  being  the 


i 
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length  of  the  line,  we  have  from  equation   [2],  page   451,  by 
putting  X  =  I, 

Current  sent  =C,  =  — lAe"^  —  Be""^  1; 

and  from  the  same  equation  by  putting  x  =  0, 

Current  received  =  C,  =  —  I  A  —  B  I  ; 

therefore 

C,  _  Ae"*'-  Be-** 
a  A-B       ' 

but  from  equation  [4],  page  452,  we  have 


|=^_,„,A(,?-,)=B(,  =  +  ,)r 


<r--  1 

r 


therefore 


c:  = 2 

by  inserting  the  value  of  e"",  e  -"",  and  — ,  given  by  equations  [10] 

T 

and  [13],  page  455,  we  get 

Or~  2 

2  VEi  -  B. 
VB,+      "^ 


^^' ^^*     ■  x(l  +  ^V 

,-B.  /B,-B.      V        V 


VB<  —  B.  ^B, 

The  value  of  B< ,  although  it  could  be  determined  from  this 
equation,  would  be  represented  by  a  somewhat  complex  fraction  ; 
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if,  liowover,  we  havoc-  =  0,  we  then  get 
,  or,  R,  =  I 


*/B. 


a      ^^H 


"•C.>-C,' 


In  wliicli  equation,  C,  and  C,  (being  in  the  fonn  of  a  pro- 
portion) may  be  measured  in  umpires  or  inilliAmp^ree, or  indeed  id 
any  multiple  or  anbrnnltiple  of  an  ampire. 

For  example. 

The  reaifltance  of  a  line  when  to  earth  nt  the  further  

1500  ohmB  (R,).  The  strengths  of  the  sent  and  received  cnmata 
were  2-8  and  2'6  mill i amperes  respectively.  What  would  he  IIj 
reBiBtanoe  of  the  Hue  if  the  further  end  were  insulated  ? 


R.  =  1500 


2-8^ 

2-8^  -  2-6' 


■-  10,908  ohm 


The  measurement  of  the  received  current  would  have  to  be 
made  by  means  of  a  low  resistance  galvanometer  in  order  h) 
avoid  the  introduction  of  the  quantity  o-  into  the  formida. 

It  may  be  remarked  that  the  equation 


cannot  he  arrived  at  from  a  consideration  of  Fig.  ISO  ae  tfae 
Fig.  can  only  be  used  as  a  hasis  for  calculation  if  the 
fault /is  midway  between  the  reaistances  on  either  side  of  it' 

Since 


"■"ic 


therefore  from  equatioi 


[B]  we  get 


■which  correeponds  with  equation  [A]  page  520. 

582.  Having  obtained  R,,  the  insulation  per  mile  could  W 
obtained  in  the  manner  shown  on  page  509,  §569;  a  Bitnpkr 
method  of  doing  this  is  the  following : — 


C.  = 


E 


or,   C/  ^ 


E> 
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by  substituting  this  value  in  equation  [B]  we  get 


R,  = 


R.  (c.^  -  a^) 


Again,  for  equation  [A],  page  609,  we  have 

i  =  R<  -%   or,   R<  =  — , 

r  K, 

where  t  is  the  true  insulation  resistance  per  mile  of  the  line,  and  r 
its  true  conductivity  resistance  per  mile ;  therefore 

ir  E«  E^ 

or,    t  = 


R.  "  R.  (c.»  -  av  " '      r  (C.2  -  a») ' 

in  which  C,  and  C^  are  in  amperes,  E  in  volts,  and  t  and  r  in 
ohms.     If  C,  and  C^  are  measured  in  milliamp^res,  then  we  have 

.  __  (E  X  lOOOy  _.  E»  X  1,000,000   , 

*  ""  r  (C.^  -  a»)  "    r  (C.»  -  a») 

For  example. 

The  strengths  of  the  sent  and  received  currents  on  a  line  were 
12  and  10  milliamp^res  respectively,  the  sending  battery  being  a 
10-oell  Daniell  (10  volts  approximately) ;  the  line  had  an  average 
estimated  conductivity  resistance  of  14  ohms  per  mile.  What  was 
the  insulation  per  mile  of  the  line  ? 

102  X   1000,000  ,^^^r.     1- 

•  =  -U(i2hrw^)    =  162,000  ohms. 

Kirchoff's  Laws. 

583.  These  laws  are  two  in  number ;  the  first  is  :— 
The  cdgebraiccd  sum  of  the  current  strengths  in  all  those  wires  which 
meet  in  a  point  is  equal  to  nothing. 

The  truth  of  this  law  is  almost  obvious ;  thus,  if  we  have,  say, 
five  wires  meeting  in  a  point,  as  shown  by  Fig.  184  (page  624), 
then  as  the  point  A  cannot  be  a  resermr,  the  sum  of  the  currents 
Cit  ^2*  approaching  A  must  equal  the  sum  of  the  currents  (*3,  C4,  c^, 
receding  from  A,  that  is 

or 

^1    •   ^a  """  ^3  ""  ^4  ""  ^5  ^    • 
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I  It  may  bo  as  -well,  perhaps,  to  point  out  ihat  altUovgii  Ai 
quantitiea  c^,  Cj,  c,,  Cj,  c^,  are  partly  poeitive  and  partly  negatire, 
yet  they  together  constitute  an  algebraical  "  Biim,"  for  the  equttiwi 

mny  be  written 


I 


the  qnaatities  cj,  e„  and  c^,  in  fact,  are  negative  because  the 
onrrents  they  represent  flow  in  the  opposite  direction  to  the 
currents  c„  c^.' 

584,  The  second  law  of  Kirchoff  is  as  follows  : — 
The  algebraical  eum   of  all  ike  producU  of  ike  enrreni  ttrtngli* 
and  retiitances  in  all  the  wires  forming  an  encloted  figure,  eqiutU  ike 
algebraical  «im  of  all  the  eleclromolive  force*  in  the  circuit. 

The  triith  of  this  law  follows  as  a  consequence  froin  the  laws  we 
investigated  on  pages  307-310 — tiz.  : 

(A)  The  difference  of  the potentiah  at  two  poinit  in  a  retiatanee  (in 
which  no  electromotive  force  exiata)  it  equal  to  the  product  of  the  eurrmt 
and  the  resistance  beliceen  the  two  point). 

(B)  The  difference  of  the  potentials  at  iao  points  in  a  rettglance  in 
lehich  an  electromotive  force  exists,  is  equal  to  theproduet  of  the  evtrenl 
and  the  resistance  between  the  two  points  added  la  the  electromotiee  force 
in  the  resistance,  this  electromotive  force  being  negative  if  it  acts  aitM  At 
currejU,  and  positive  if  it  opposes  it. 

If  we  refer  to  Fig.  185,  and  we  consider  any  closed  circuit  in  it, 
then  we  can  see  that  the  sum  of  the  differences  of  the  potentials 
between  the  points  in  that  circuit  must  be  equal  to  0;  thus,  for 

*  It  is  Ituportknt  that  algebraical  sum  sliDuld  not  be  ccmroiiiidHi  with 
riOimttical  sunt :  the  latter  aigiiifii-H  a  iiuiubcr  of  qusTitities  coDiiecleil  by  pbu 
igni,  vhllat  in  the  ronnci  Ibc  signa  may  be  partly  negntivc  and  partly  poiiuTe, 
r,  indeed,  all  ne^llie.  As  a  rulp,  wLeu  tbe  wprd  "sum"  is  used  in  stating 
Inw,  it  is  the  algebraical  sxua  wliicb  is  meant. 
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example,  if  we  take  the  closed  circuit  formed  by  the  sections  A  B, 
B  0,  C  D,  D  A,  then  it  is  evident  that! 

(Vi  -  V,)  +  (V,  -  V3)  +  (V3  -  V,)  +  (V,  -  vo 
is  the  same  as 

Vi  -  Vi  +  V2  -  V,  +  V3  -  V3  +  V,  -  v., 
which  equals  0. 

Fig.  185. 


Now  from  laws  (A)  and  (B)  we  have 

V2  —  V3  =  C3  r^ 

therefore,  by  addition,  we  get 

C  R  -  6  +  Cgfj  -  c^r^  +  E  -  c^fa  =  0  ; 
or 

CR  +  Cgrg  -  c^r^  -  C2r^  =  e  — E, 

which  proves  the  law. 

As  in  the  case  of  Kirchofifs  first  law,  we  have  in  the  last 
equation  algebraical  sums,  for  this  equation  may  be  written : 

CR  +  C3r3  +  (-  c,r,)  +  (-c^r^)  =  e  +  ( -  E)  ; 

C4,  C2,  and  E,  in  fact,  are  negative,  because  the  currents  in  the 
sections  (C  D  and  D  A)  in  which  these  quantities  occur  are  in  the 
reverse  direction  to  the  currents  in  the  other  sections  (A  B  and 
BC). 

*  These  quantities   are  negative  becanse  the  currents  c^  and  c,  flow  in  the 
reverse  direction  to  the  currents  0^  and  0^ 
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Pollabd's  Theorem. 

585.  Let  E  (Fig.  186)  be  a  battery  of  intamal  reslBtanee  r, 

which  is  dbunted  by  a  shant  S  and 
Fio.  186.  is  in  cirooit  with  a  resistance  B,  then 

current  throngh  battery  is 

— \  E 


iW 


r  + 


E(8  +  B) 

8R   -Sr+Br  +  SB 


S  +  B 


E(S  +  B) 
~Sr  +  B(S  +  r)' 

and  canrent,  0,  thiongh  B,  is 


p  E(S  +  B)  8 

Sr  +  B(S  +  r)^ffTB 


ES 


E 


S 


8r  +  B(8  +  r)~'g7 


8  +  r 


S-T-r+^ 


[A] 


that  is  to  say,  a  battery  E,  having  a  resistance  r  and  shunted 
by  a  shunt  S,  is  equivcJent  to  a  battery  of  electromotive  force 

a  a  |. 

E  ^ ,  and  internal  resistance  tt— — . 

S  -f  r'  S  +  r 

586.  Now  if  we  call  e  the  electromotive  force  of  the  shunted 

battery,  then  we  have 


e  =  E 


S 


or 


cr  =  E 


S  +  r 
Qr 


S  +  r' 


that  is 


6  :  E  :: 


Sr 
S  +  r 


•  r 


It  follows,  therefore,  from  the  theorem  that  the  original  electro- 
motive force,  E,  is  to  the  reduced  electromotive  force,  e,  in  the 
ratio  of  the  original  resistance  of  the  battery  to  the  shunted 
resibtance  of  the  same. 
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A  Method  of  measurinq  the  Besistance  of,  and  the  Current 

FLOWING   through,   ElECTRIC  LaMPS  WHEN   BURNING. 

587.  This  method  is  an  adaptation  of  the  methods  given  on 
page  327,  §  368,  and  page  396,  §  456,  and  is  as  follows  :— 

A  resistance,  B,  (Fig.  187),  is  in- 
serted in  the  circuit  of  the  lamp  whose 
resistance  is  to  be  measured,  and  then  ^^®-  ^^' 

the  potential,  V,  between  the  points, 
A  and  B,  is  measured.  A  similar 
measurement  is  then  taken  of  the 
potential,  Y^,  between  the  terminals, 
G  and  D,  of  the  lamp.  We  then 
have — 

X  =  By. 

For  example. 

Suppose  the  resistance,  B,  were  1  ohm,  and  suppose  that  the 
discharge  deflection  obtained  by  the  condenser  from  the  points 
A  and  B,  were  250  divisions,  there  being  no  shunt  to  the  galva- 
nometer ;  also  suppose  that  the  discharge  deflection  obtained  from 
between  the  points,  C  and  D,  were  260  divisions,  the  galvanometer, 
whose  resistance  was  6100  ohms^  being  shunted  with  a  shunt  of 
200  ohms ;  then  we  have 

V  =  250 


therefore 


v.  =  .eox'-l«^±^  =  8m. 


8190       ^^  ^    , 
X  =  1  X    25Q-=  32-8  ohms. 


If  the  discharge  given  by  a  standard  Daniell  cell  (page  149)  were 

140,  then  we  should  have — 

250 
Electromotive  force  between  A  and  B  =  1  •  079  v  —  =  1  •  q9 

140 

The  current  flowing,  therefore,  equals 

1-91 

—J —  =  1  '92  amperes. 

In  cases  where  the  current  is  powerful,  and  where  it  is  not  advisable 
to  introduce  so  high  a  resistance  as  1  ohm  into  the  circuit,  B  could 
be  made,  say,  ^th  of  an  ohm. 
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A  Mbthod  of  Testing  Batteries. 


iposeiU*     I 


5B8.  In  making  testa  of  batteries  which  are  required  to 

large  current  through  a  low  resistaDCG,  it  is  often  found  tmposeiUi 
to  determine  the  exact  amount  of  current  flowing  by  the  direct  use 
of  an  "  ammeter,"as  the  rosiatanoe  of  the  latter,  although  low,  may 
still  be  Bufficientlj  great  to  materially  reduce  the  current  which  the 
batt«ry  is  intended  to  give  out.  This  difficulty  may  be  overcome 
by  the  following  arrangement,  devised  by  Mr.  I.  Probort  for  testing 
the  value  of  batteries  apecially  designed  for  working  small  incan- 
deaoent  lamps.* 

The  battery,  B,  (Fig.  188),  to  bo  tested,  is  joined  up  to  the 
lamp,  /  (which  has  a  "  voltmeter,"  V,  across  its  terminal*),  the 
switch,  S,  being  turned  to  the  position  shown.     Under  these 


I 


I    I     1^1 


ditions  the  battery  works  direct  cm  to  the  lamp,  which  glows  at  its 
full  brilliancy,  and  the  voltmeter,  V,  gives  the  potential  or  voltage 
between  the  lamp  terminals.  In  orda.r  to  determine  the  current,  the 
switch,  S,  is  turned  to  the  position  shown  by  the  dotted  lines ;  this 
brings  into  circuit  the  auxiliary  battery,  B,  (preferably  a  set  of 
accuTOulators),  the  ammeter,  A,  and  the  electrolytic  cell,  E,  this  cell 
consisting  of  2  copper  plates  in  a  sulphate  of  copper  solution.  The 
current  for  B,  although  reduced  by  the  rcBiatanco  of  the  ammeter, 
is  roinforceil  by  the  auxiliary  battery,  li„  and  by  adjusting  the 
distance  between  the  plates  in  the  electrolytic  cell  the  current  can 
*  ■  Electrical  BoviciT,'  BUroh  6tli,  lS9t. 
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be  adjusted  to  the  greatest  nicety  tintil  the  defleotion  on  V  is  the 
same  as  it  was  previous  to  the  turning  of  the  switch,  S,  hence  the 
ammeter,  A,  now  shows  the  current  which  under  the  latter  con- 
ditions was  flowing  through  B.  The  observation  being  taken  on 
A  the  switch,  S,  is  turned  back  again  to  the  position  shown,  and 
the  battery,  B,  continues  to  work  under  the  practical  conditions. 


Fio.  189. 


A  Method  of  Measurino  Low  Eesistances, 

589.  This  method  is  merely  an  adaptation  of  the  method  given 
on  page  396,  §  456,  and  is  shown  in  principle  by  Fig.  189. 

E  is  a  single  Daniell  cell,  B  a  resistance  of  1  ohm,  and  B  C  the 
resistance,  a;,  to  be  measured.    Between  B  and  C  a  Thomson  galva- 
nometer (page  47)  in  circuit  with  a 
resistance  is  connected. 

Now,  taking  the  resistance  of  the 
cell  E  to  be,  say,  4  ohms,  then  if  a;  be 
-p^th  of  an  ohm,  the  potential  be- 
tween B  and  C  will  be  approximately 
^^^th  of  a  volt,  and  the  potential 
between  A  and  B,  ^th  of  a  volt,  con- 
sequently if  we  can  measure  these 
two  potentials  accurately  we  can  de- 
termine the  value  of  a  resistance  of 

-j-^th  of  an  ohm  to  an  equal  degree  of  accuracy.  Now  a  Thomson 
galvanometer,  wound  to  about  5000  ohms  resistance,  will  give  a 
deflection  of  100  divisions  with  one  Daniell  cell,  there  being  in 
circuit  a  total  resistance  of  10,000,000  ohms.  If  there  be  no  re- 
sistance in  the  circuit  beyond  that  of  the  galvanometer  itself  (5000 
ohms)  the  deflection  would  be 


100  X 


10,000,000 
5000 


=  200,000  divisions, 


representing  an  electromotive  force,  or  potential,  of  1  volt  approxi- 
mately ;  hence  200  divisions  would  represent  a  potential  of  -nnnr*^ 
of  a  volt.  We  can  easily,  therefore,  measure  a  potential  of  y^th 
of  a  volt. 

In  order  to  make  a  measurement  we  should  proceed  as 
follows : — 

The  battery,  resistances,  etc.,  being  connected  up  as  shown  in 
Fig.  189,  and  the  shunt  being  removed  from  the  terminals  of  the 
galvanometer,  the  resistance  in  circuit  with  the  latter  must  be 

2  M 
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varied  nntil  a  good  deflection  (abont  300  divisioiis)  is  obtained. 
Let  d^  be  this  deflection,  and  let  G  and  B^  be  the  reepectiTe  re- 
sistances  of  the  galvanometer  and  the  reaiBtanoe  in  cdrcniit  with 
the  latter ;  then  if  Vi  be  the  difference  of  potential  between  B  and 
0,  the  current  c^  flowing  through  the  galvanometer  will  be 


Ol  = 


^i 


Bi  +  G 


The  galvanometer  and  the  resistance  in  its  oircnit  are  now  dis- 
connected from  B  and  C,  and  are  connected  to  A  and  B,  the  yg'^th 
shunt  being  joined  up  to  the  terminals  of  the  instrument.  The 
resistance  in  its  circuit  is  then  varied  until  a  deflection  d,,  approxi- 
mately the  same  as  d^,  is  obtained ;  then  if  B,  be  this  resistance, 
and  if  v,  be  the  potential  between  A  and  B,  and  further  if  e,  be  the 
current  producing  the  deflection  (Z,)  we  have 


Ca  = 


^2  +  9      1000' 


where  g  is  the  combined  resistance  of  the  galvanometer  and 
shunt. 

We  have  therefore 


but 


or 


ci       (R2  +  9)  1000  .^  f>i . 
Ca"      (Ri  +  G)      "^r/ 


and  as 


or 


we  get 


X 

"B* 

«1 

•    ©2    » 

il- 

• d     • 
d. 

d„ 

d. 

(E,  +  g)  1000 

X 

d;- 

Bi 

+  G) 

-^ 

B' 

or 


(R,+ff)1000     d,' 
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For  example. 

The  deflection  obtained  between  the  points  B  and  C  was  equal 
to  320  divisions  (d^)^  there  being  a  resistance  of  8000  ohms  (B^) 
inserted  in  the  circuit  of  the  galvanometer.  When  the  latter  was 
connected  between  A  and  B,  the  -nyW*^  shunt  was  inserted,  to- 
gether with  a  resistance  of  1200  ohms  (R^)  ;  the  deflection  obtained 
was  then  equal  to  310  divisions  (d^).  The  resistance  of  the  gal- 
vanometer was  5000  ohms  (G),  and  the  resistance,  R,  1  ohm. 
What  was  the  value  of  a;  ? 

(8000  +  5000)        320        ^,_    ^ 
^  =  '  (1200  +  5)1000-  •  310  =  '^'^^  ^^°^- 

We    are  not,  of  coui-se,   necessarily  bound   to  use   the  ttjW^^ 
shunt,  but  in  practice  it  would  almost  always  have  to  be  employed. 

590.  The  degree  of  accuracy  with  which  the  test  could  be 

made  would  depend  entirely  upon  the  values  of  the  deflections  d^ 

and  d2 ;  and  as  we  should  endeavour  to  make  them  both  as  high  as 

possible,  that  is  to  say,  both   as  nearly  equal  as   possible,  the 

S  200 
"  Percentage  of  accuracy  "  would  practically  be  >  where  8  is 

the  fraction  of  a  division  to  which  each  of  the  deflections  could  be 
read. 

Note  on  the  Measurement  of  Resistance. 

591.  Dr.  W.  W.  Waghom  has  pointed  out*  that  in  the  case  of 
a  measurement  made  in  the  general  manner  indicated  in  the  fore- 
going test,  the  deflections  obtained  on  the  galvanometer  when  it 
is  joined  first  between  B  and  C  and  then  between  A  and  B,  will 
directly  indicate  the  relative  values  of  x  and  R,  no  matter  whether 
the  galvanometer  has  a  high  or  a  low  resistance,  that  is  provided 
the  battery  E  has  a  negligible  resistance.  This  may  be  proved  as 
follows : — 

Referring  to  Fig.  189  and  assuming  that  the  galvanometer  is 
joined  direct  between  B  and  C,  then  the  current,  C^,  flowing  through 
G  will  be 

^  E  X  llx 


^   ,     Ga;       G-f  a;      RG  +Rx  +  Gx 

^  "T"  n  ■ 
Gt+x 

'Ex 


G  (R  -f  x)  -f  R  a; 
♦  •  Philosophical  Magazine,'  April,  1889. 
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If  now  the  galvanonieter  u  placed  "between  A  4 
X  change  places,  then  the  oorrent,  C^,  flowing  ^ 

p  EH 

but  the  denominators  of  the  iraodou  i 
heooe 

Ci  D 


that  is,  X  and  B  are  direotly  proportional  to  (Id 
through  the  galvanometer  in  the  two  cases 


ThB  SlLVERTOWK  CJOKPOUHD   KeT   1 

692.  This  key,  designed  by  Mr.  J.  ] 
is  in  general  use  in  tbe  testing  tooiub  of  tha  1 
Peroha,  and  Telegraph  Works  Company,  Silvfflj 
arrangement,  and  greatly  facilitat«H  ii 
tivo  capacity"  and  "Insulation"  tists  of  i 
cables ;  it  is  particularly  useful  when  a  lafij 
have  to  be  tested.    The  apparatus  (Fig.  190)1 
of  the  form  shown  by  Figs.  132  aud  133, 
mounted  on  one  base. 

Supposing  the  connections  to  bo  made  as  a 
then  in  order  to  measure  the  "  diacharge  "  fron 
C  and  D  are  sot  in  the  positions  shijwn.  Lever  ) 
to  the  loft  so  that  its  projecting  ]iicM 
lever  A  j  the  brass  tongue  of  lever  R  i.t  then  in  a 
that  the  small  battery  (about  10  Dauioll  cells),  ira 
joined  to  lever  B,  is  connected  to  the  cable, 
pressed  over  to  the  right,  then  lever  B  is  a 
tongue  of  the  latter  consequently  leaves  b  whilst  4 
comes  in  contact  with  a,  and  thns  puts  the  oaU 
witli  the  galvanometer.  As  the  second  tcnninal<^ 
meter  is  connected  to  the  piece  e  d,  the  circuit  ia  O 
through  d  and  the  tongue  of  lever  D. 

To  measure  the  discharge  from  a  oiindeaiica:,j 
the  former  would  be  connected  to  the  pie< 
terminal  to  earth  ;  the  manipnlation  of  the  li 
be  the  same  as  in  the  case  of  the  cable. 

To  take  the  "  Insulation  "  test  (p.  385)  of  the  I 
and  B  would  be  set  over  to  the  right  so  that  the  ti 
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A  is  in  contact  witli  a  whilst  the  tongne  of  B  is  disconnected 
from  b.  The  short-circnit  key  of  the  galvanometer  being  olosed, 
lever  0  is  now  pressed  over  to  tho  right,  so  that  the  tongne  of 
lover  0  comes  in  contact  with  c,  whilst  the  tongue  of  lever  D 
becomes  disconnected  fromd;  tho  zino  pole  of  the  large  battery 


thus  becomes  connected  through  c  with  one  terminal  of  the  gal- 
vanometer,  and  as  the  other  terminal  is  connected  (through  lover 
A  and  a)  with  the  cable,  tho  circuit  is  complete.  The  short-circuit 
key  of  the  galvanometer  is  now  depressed,  and  the  deflection  noted 
in  tho  usual  manner  (p.  3S1).  As  soon  as  the  observations  are 
completed  the  short-circuit  key  of  the  galvanometer  is  raised,  and 
lever  D  being  pressed  over  to  the  left  the  battery  becomes  discon- 
nected from  the  galvanometer  terminal  and  the  latter  is  connected 
to  earth,  so  that  the  cable  discharges  itself. 

Particular  care  must  be  taken  that  the  sbort-circuit  key  of 
the  galvanometer  is  raised  before  lever  D  is  pressed  over  to  the 
left,  otherwise  tho  whole  discharge  from  the  cable  will  pass 
through  the  galvanometer  coils,  and  the  needles  may  either  be 
demagnetised,  or  at  least  the  "  constant "  of  the  inetrament  be 
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MmtOD  ov  TESTiNo  Batteliies  is  the  Postal  Telkgeai 
Dbpautment. 


503.  One  form  of  apporatns  employiid  in  the  Postal  Telegrapb 
Dopurtment  for  battery  testing  ia  Bhown  hy  Figs.  191  and  192.  It 
ooDsiets  of  two  sets  of  resistauce  coils  Bj,  R^,  the  farmer  hciog  in 
the  direct  circuit  of  a  ttmgent  galvanometer*  G,  and  the  latter 


being  a  shunt  between  the  terminals  of  the  battery  x  when  " 
Bhunt  plug  S  is  inserted.     The  Tahiea  of  the  resist-imoe  coils  A,  B, 
C,  D,  E.  and  F,  in  R„  are  1070,  3210,  4280,8560. 17,120,  and  34,240 
ohms,  respectively  i  that  is,  A,  B,  C,  D,  £,  and  F  are  in  the  p: 
tion  of  1  :3  :  4  :  8  :  Iti  :  32. 


Eleetroiitolive  Force  Tcel. 

594.  The  principle  of  the  method  of  testing  for  electromotive 
force  is  as  follows : — 

If  the  stHndard  cell  (page  149,  §  164)  -were  joined  up  in  circuit 
with  the  tangent  galvanometer,  both  plugs  being  out,  then  the 
deflection  obtained  would  be  that  due  to  an  electromotive  force  of 
1'070  volts  ('the  approximate  electromotive  force  of  the  standard 
coll)  acting  throngh  a  resiatance  of  1070  ohms.  If,  say,  five 
Daniell  cells  were  in  circuit,  and  also  a  total  resistance  of  5x  1070 
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oluns,  then  the  deflection  obtained  should  be  the  same  as  that  given 
by  the  standard  cell,  provided  the  total  electromotive  force  of  the 
five  cells  were  five  times  that  of  the  standard  cell,  or,  in  other 
words,  if  the  average  electromotive  force  per  cell  were  1  •  070  volts ; 
and  it  is  evident  that  if  with  a  still  larger  number  of  cells  there 
were  placed  in  circuit  a  total  resistance  as  many  times  greater 
than  1070  ohms  as  there  are  cells  to  be  tested,  then  if  the  average 
electromotive  force  per  cell  of  the  battery  were  equal  to  the  electro- 
motive force  of  the  standard  cell,  the  deflection  obtained  would  be 
the  same  as  that  given  by  the  latter.  If  the  deflection  were  less,  it 
would  show  that  the  average  electromotive  force  per  cell  of  the 
battery  must  be  proportionately  less. 

For  example. 

Suppose  the  standard  cell  gave  a  deflection  of  25°,  then  if,  say, 
a  30-cell  battery  with  a  total  resistance  in  circuit  of  30  x  1070,  or 
32,100  ohms,  gave  a  deflection  of  22°,  the  average  electromotive 
force  per  cell  of  the  battery  would  be  '  928  volts,  thus, 

tan  22°  -404 

1-070  X  r-i^  =  1'070  X  -7^  =  -928  volts, 
tan  25  '466 


Now,  if  instead  of  the  resistance  in  circuit  being  increased  in 
exact  proportion  to  the  number  of  cells  tested,  it  had  been  increased 
in  a  less  proportion,  then  the  deflection  representing  an  electro- 
motive force  of  1  •  070  volts  would  be  correspondingly  higher. 

For  eacample. 

If,  when  the  30  cells  were  tested  there  were  in  the  circuit,  not 
30  X  1070  ohms,  but  12  X  1070  ohms,  then  the  deflection  which 
would  indicate  that  the  average  electromotive  force  per  cell  of  the 
battery  is  1  -070  volts  would  be  49 J°,  thus, 

30  5 

tan  25°  X  T7T  =  -466  X  h  =  1*165  =  tan  49^°. 

If,  therefore,  the  total  resistance  in  the  circuit  of  the  battery 
tested  is  made  equal  to 

1070  X  number  of  cells  tested  x  f ,  [A] 
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and  if  25°  is  the  deflection  ^ven  by  ilie  standard  cell  throngb  a 
total  Tesistanoe  of  1070  olims,  tlien  49}°  will  be  the  deflection 
given  by  a  battery  wboee  aTerage  electromotiTe  force  per  cell  is 
1  -  070  ToltB.  and  any  deflection  other  than  49}°  will  (by  proportion 
of  the  tangents  of  the  deflections)  represent  the  actnal  electromotive 
force  per  cell  of  the  battery. 

For  example. 

If  the  deflection  obtained  were 40°,  then  theelectromotiTe force 
per  cell  of  the  battery  would  be  *  767  TC^ts,  thus. 


1-070  X 


tan  40° 
tan  49}' 


=  1-070  X 


'839 
1-171 


=  -767. 


If  the  total  resiBtanoe  in  the  circoit  of  the  battery  tested  is  made 
eqnal  to 

1070  X  nnmber  of  cells  tested  x  |>  [B] 

then  the  deflections  obtained  will  represent  average  electromotiTe 
forces  per  cell  which  are  double  those  which  they  represent  when 
the  resistance  in  circuit  is  that  indicated  by  formula  [A]  (page  535). 
So  that  if  formula  [A]  is  applied  when  Daniell  cells  are  tested,  and 
formula  [B]  when  Bichromates  are  tested,  the  range  of  deflections 
required  in  the  two  cases  will  be  the  same,  since  the  electromotive 
force  of  a  Bichromate  battery  is  double  that  of  a  Daniell. 

595.  In  order  to  facilitate  calculation,  tables  constructed  on  the 
foregoing  principles  are  employed ;  portions  of  these  tables  are  as 
shown  : — 

Table  L 


No.  of  Cells  to  be  test^l. 


Daniells. 


5 
10 

•  • 

15 
20 
25 
30 
35 


BicbromatGS. 


10 


15 


LecUndi^ 


3 

6 

8 

10 

12 

16 

18  and  20 


I  Coils  to  be  pisced  iu  I 
I        Carcoit  in  K,.        ; 


A 
B 
C 

A  +  0 
B  +  0 
A  +  D 
B  +  D 

A  +  0+  D 
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I 

^^k        Tbe  w«j  ID  which  tbeae  tables  wovid  be  used  wudM  be  m 

^■IoUuwb:— 

^H        The  25^  oosatant  deflsctioD  having  been  obtained  oomctlj,  tbe 

^B  BUndand  cell  m  removed  bom  terminals  B,  and  the  batterj  to  be 
1aat«d  JQUted  in  its  place,  resLstancea  having  been  preTiooelj  hi- 
■erted  in  naastaoee  coils  B„  according  to  Table  I.  For  example, 
if  35  Daniella  are  lo  be  tested,  the  reaBtances  to  be  inserted  wonld 
be  A,  C,  and  D.  The  two  plugs  in  the  galvanometer  roiut  still 
remain  oat  so  that  the  Tt«istanoe  of  the  latter  (1070  ohm)  b 
inclnded  in  the  circait. 

The  deflection  obtained  being  now  noted,  the  eleotrxmnitin 
force  per  cell  of  the  battery  is  given  by  Table  H. ;  lhn«  if  tlw 
deflection  is  45^",  the  electromotive  force  per  cell  is  -930,  and  tbe 
percentage  of  fnU  from  the  normal  electromotive  force  is  13*09. 

»5f  6.  It  will  be  obeerved  that  in  the  case  of  Leclaoche  hattericfl 
tbe  resistanoes  to  be  placed  in  circuit  and  the  defleotions  com- 
eponding  to  the  various  electromotive  forces,  have  to  be  taken  in 
a  somewhat  different  proportion  from  that  adopted  in  tbe  cam 
of  Daniell  or  Bichromate  battones,  as  the  cells  ore  made  np  in 
sets  of  6,  8.  and  W,  and  not  in  sets  of  5,  and  moreover  tbe 
normal  electromotive  force  of  a  Leclanche  is  intermediate  in 
value  between  a  Daniell  and  a  Biohromate  battery ;  the  general 
principle,  however,  upon  which  the  resistances  and  deflections 
are  arranged  is  similar  to  that  adopted  in  the  case  of  the  latter 
batteriei'. 

597.  The  accuracy  of  the  method  of  testing  electromotive  force 
depends  upon  the  resistance  of  the  batteries  being  small  in  jiro- 
portion  to  the  external  resistance,  and  this  is  attained  by  making 
the  latter  very  large,  so  as  to  reduce  the  error  beyond  sensible 
limits. 

Betialance  Te*t. 

698.  This  test  is  made  by  the  "Diminished  deflection  shnnt 
method"  described  in  Chapter  TI,,  page  145.  The  resistauoa 
B,  being  very  liigh,  the  reeiBtauce  of  the  battery  i  ' 
formula  [G],  page  147,  in  tlie  test  referred  to,  that  is  to  Si 


For  exam^e. 


If  by  the  insertion  of  a  shunt  It,  of  25  ohms,  the  deflectia 
of  45j  wore  reduced  to  23°  (4°),  then  resistance  (z)  of  bad 
wunld  be  35'0  ohms,  thus. 
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X 


=  26(  ^ —  1  I  =  25 1 1  1  =  35*0  ohms. 

Vtaii  23°  J  V -424  / 


( 


599.  To    facilitate    calcnlation,    a    table    giving    values    of 

-=5^  —  1  j  for  various  values  of  D°  and  (T,  is  employed ;  hence 

it  is  only  necessary  to  multiply  the  corresponding  quantity  by  B^, 
and  the  result  is  the  total  resistance  of  the  battery. 

600.  In  exceptional  cases  where  an  odd  number  of  cells  have 
to  be  tested  for  electromotive  force,  i.  e.  a  number  which  is  not 
included  in  Table  I.,  the  resistances  inserted  in  E^  are  those  cor- 
responding to  the  number  in  the  table  next  above  the  odd  number; 
thus  if  13  Bichromates  are  to  be  tested,  the  resistances  corre- 
sponding to  15  cells,  viz.  B  and  D,  are  inserted  in  E^.  The  de- 
flection obtained  having  been  noted,  the  result  corresponding  to 
that  deflection  in  Table  II.  is  multiplied  by  the  even  number  of 
cells  and  divided  by  the  odd  number,  the  result  being  the  electro- 
motive force  per  cell  of  the  battery. 

601.  It  may  be  remarked  that  the  range  of  the  apparatus  is 
considerable,  it  being  possible  to  test  from  5  to  160  Daniell  cells, 
or  5  to  80  Bichromate  cells,  with  an  equal  degree  of  accuracy,  and 
with  equal  facility. 

Direct  Beading  Battery  Testing  Instrument. 

602.  In  order  to  simplify  the  method  of  estimating  the  electro- 
motive force  and  resistance  of  batteries,  and  lessen  the  time 
necessary  for  the  tests,  a  new  instrument  has  recently  been  devised 
by  Mr.  A.  Eden,  which  has  partially  superseded  the  foregoing 
apparatus,  and  which  obviates  the  necessity  for  any  calculation,  or 
any  reference  to  Tables. 

The  theory  of  the  instrument  is  as  follows : — 

Electromotive  Force  Test, 

603.  The  constant  of  the  galvanometer  is  so  adjusted  by  means 
of  the  controlling  magnet  that  a  deflection  of  80  divisions*  on  the 
skew  tangent  scale  (page  31)  is  obtained  with  the  standard 
cell  (page  149),  connected  to  the  instrument;  this  deflection 
then  represents  the  electromotive  force  of  the  standard  cell.     If 

*  This  deflection  is  taken  because  it  is  found  to  be  the  highest  that  can  be 
obtained  with  certainty  on  the  instrument 
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^1  now  we  place  iu  cironit  n  cells,  oaob  having  an  eloctromotiTo  force 

^M  eqiml  to  that  of  tbe  standard  cell,  and  at  the  same  time  we  add 

H  snfQcient  I'eeistanco  in  the  circuit  to  toako  the  total  reeistanoe  n 

^M  timce  as  threat  as  it  was  originally,  then  the  deflection  will  etill 

^M  he  80  divisions,  provided  the  celts  are  each  equal  in  force  to  the 

^M  etandard  cell.     If,  instead  of  increasing  the  total  resistance   in 

H  oil 

■  be 


I 


circuit  to  B  timee  its  original  value,  we  make  it  — r„>p  timee  &s 

great,  then  it  is  obvious  that  the  deflection  given  by  the  n  cells  will 
be  100  divisionB  provided  all  the  cells  are  in  good  conditioti.  If 
force  of  the  cells  is  less  than  their  normal  value,  then  the 
deflection  observed  will  be  lower  than  100,  and  the  value  of  this 
deflection  will  obviously  directly  represent  the  percentage  value 
of  the  force;  thus  if  the  deflection  were  93  divisions,  then  this 
would  mean  that  the  cells  have  but  92  per  cent,  of  their  nonual 
power 


Binue  the  total  reaistance  in  oironit  with  n  cells  !a 


»  X  80  , 


the  resistance  in  circtiit  with  the  standard  cell,  and  as  this  latter 

resistance  is   1070  ohms  (page    517,  §  576),  therefore   this    total 
X  80 


-  X  1070  =  n  X  f 


S  ohms. 


resistance  Ji 

In  order  that  a  similar  standard  deflection  (100  divisions)  may 
be  obtained  with  Bichromate  and  Leolanchfi  batteries,  shunts  and 
compensating  resistauoea  (page  84)  are  connected  to  the  galvano- 
meter when  those  batteries  are  being  tested,  so  that  the  eunie 
resistance  per  cell  iu  the  case  of  the  three  kinds  of  batteriea  coa 
'  e  inserted  in  circuit.  ^^H 

Bemtanee  Test.  ^^H 

general  theory  of  ihis  test  is  as  follows : —  ^^ 

Let  r  (Fig.  193)  bo  the  battery  wltidi 
can  bo  shunted  by  a  shunt,  s.  and  B  a 
high  resistance  which  can  be  shunted  by 
a  shunt,  8.  and  let  G  be  a  galvanometer 
of  negligible  resistance.  First  suppose 
both  the  shunts  to  be  disconnected,  then, 
since  B  is  very  large,  the  current,  C, 
through  the  galvanometer  will  be 

-I 

being  the  electromotive  force  of  the  battery. 
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Next  suppose  the  shunts  to  be  both  connected  up,  then  from 
equation  [A],  page  526,  we  can  see  that  if  S  and  R  are  very  large 
compared  with  8  and  r,  the  current,  C,  through  the  galvanometer 
will  be 

^  "  -SK- 


S  -f  R 
If  the  currents  in  the  two  cases  are  the  same,  then  we  get 


E      • 


R  ■     SR     ' 


or 


S  +  R 

S  8 


or 


that  is 


or 


S  +  R       8-hr 

B      r 

S~«' 

«R 

Now  r  (the  total  resistance  of  the  battery)  is  equal  to  the 
resistance  per  cell,  r^,  multiplied  by  the  number  of  cells  of  which 
the  battery  is  composed ;  if,  therefore,  we  make  R  directly  propor- 
tional to  the  number  of  cells,  as  we  do  in  the  case  of  the  electro- 
motive force  test,  that  is,  if  we  make 

R  ^  n  R^, 
then  we  get 

or 

From  this  it  is  obvious  that  if  R^  and  S  are  constant  quantities, 
then  8  multiplied  by  a  constant  will  directly  give  the  value  of  r^ 
(that  is,  the  resistance  per  cell  of  the.  battery),  no  matter  what 
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tromofi?^! 


trntubor  of  oetle  are  being  tested.  In  making  tlie  electram 
force  test  wo  iuBert  iu  circuit  a  resistance  n  H,,  B[  being  of  such 
a  value  that  {as  we  have  seen)  the  galvauotnetor  <leficction  is  100 
divisiona  if  the  battery  is  in  good  order.  The  vnlue  which  it  i» 
preferable  to  give  to  S  is  that  equal  to  the  highest  value  wliich 
n  B,  will  have ;  this  in  practice  is  the  case  when  n  is  (30.  As  we 
have  seen,  the  value  of  n  R[  is  n  X  856  ohms,  that  is,  E,  is  8W 
ohms,  therefore  the  value  of  8  should  be  60  x  856,  or  i 
obma. 

Since  S  is  60  times  B„  we  get 

Ri    _  « 

''■  ~  '  60  K,  ~  60 ' 

that  is  to  say,  the  resistance  per  cell  of  the  battery  being  t 
n'oth  the  resistance  of  the  sbunt.     If  therefore  the  resista 
which  the  shunt  is  composed  is  marked  with  values   whicd 
n'lsth  of  their  actual  values,  then  these  marked  values  will  givo  ft 
once  the  resistance  per  cell  of  the  battery  under  test. 

605.  The  theoretical  values  for  S  and  B  are  only  applicable 
when  the  battery  resistance  is  inappreciable  in  comparison  with  tlie 
external  resistance,  and  when  the  galvanometer  is  either  of  very 
low  resistance,  or  double  wound,  so  as  to  admit  of  one  half  of  the 
ooiis  being  placed  in  circuit  with  B,  and  the  other  half  in  the 
shunt.  S. 

606.  The  use  of  a  galvanometer  which  has  a  resistance  of  320 
ohms,  and  which  is  outside  of  the  ahuDt,  S,  makes  it  necessary  to 
compensate  for  the  inaccuracies  so  introduced  ;  this  is  done  by 
making  B,  equal  to  428  instead  of  856  ohms,  also  by  making  8 
equal  to  25,200  instead  of  51,360  ohms,  and  by  shunting  the 
galvanometer  by  a  permanent  sbunt  of  320  ohms,  thus  redooing 
the  resistance  of  the  instrument  to  160  ohms.  As  a  further 
compensation,  when  the  two  shunts  are  connected  up  a  resistance 
of  28  ohms  is  cut  out  of  circuit  from  the  n  Bj  coils.  Those  com- 
pensations are  not  based  on  any  strictly  theoretical  basis,  but  are 
a  compromise  which,  it  is  found,  reduces  the  general  error  to 
practical  limits. 

607.  The  joining  np  of  the  shunts  in  the  latest  form  of  the 
apparatus  is  effected  by  means  of  a  plunger  key,  so  that  the  actual 
manipulation  for  the  resiatanco  measurement  consiste  in  adjusting 
the  shunt,  j,  nntil  it  is  found  that  the  galvanometer  def 
remains  unaltered  when  the  key  is  depressed  or  raised. 

608.  Xt  must  be  obvious  that  as  the  value  of  the  ehuatJ 


Jeflertuj^J 
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practically  the  same  for  every  size  of  battery,  the  accuracy  with 
which  a  test  can  be  made  varies  according  to  the  number  of  cells  of 
which  the  battery  is  composed,  but  practically  sufficient  accuracy 
is  obtainable  in  all  cases. 

609.  The  actual  form  of  the  battery  testing  instrument  em- 
bodying the  foregoing  principles,  as  most  recently  arranged,  is 
shown  by  Fig.  194.  In  this  fig.,  B  are  the  resistances  which  are 
inserted  in  circuit  in  proportion  to  the  number  of  cells  to  be  tested. 


Fig.  194. 


B  are  the  resistances  for  shunting  the  battery.  &  is  a  switch  which 
can  be  turned  to  three  different  positions  according  as  Bichromate 
(B),  Daniell  (D),  or  Leclanch6  (L)  batteries  have  to  be  tested, 
a  is  a  plunger  key  which,  on  being  depressed,  connects  up  the 
shunts  s  and  S  (Fig.  193).  c  is  a  switch  which,  on  being  turned 
to  the  right,  alters  the  connections  in  such  a  way  that  a  half- 
deflection  test  *  for  resistance  can  be  made  as  a  check,  if  desired. 

610.  In  a  more  recent  form  of  the  instrument,  which  is  designed 
for  use  with  the  form  of  galvanometer  (Fig.  183,  page  618),  the 
compensation  referred  to  in  §  605  is  got  rid  of,  as  the  conditions 
required  for  accuracy,  which  are  stated  in  §  604,  are  satisfied,  the 
galvanometer  being  double  wound.  The  general  theory  of  the 
instrument  is,  however,  precisely  the  same  as  explained  in  §  603 
and  604. 


*  This  test  follows  from  formula  [G],  page  147,  if  we  put  tan  d  = 


tanD 


for  then  r  =  8,,  the  S,  in  this  case  corresponding  to  the  s  in  Fig.  183,  page  518. 
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Combined  Besistanoes. 

611.  Probleu. — Beqnired  the  joint  resistanoe  of  tlie  resistaiioee 
a,  h,  c,  d,  and  g,  between  the  points  A  and  B  (Fig.  195). 

If  we  call  B  the  resistance  of  the  oombined  resistanoee  between 
the  points  A  and  B,  then  what  we  have  to  do  is  to  obtain  an 
equation  of  the  form 

E 


^6   = 


r +  B 


Fio.  195. 


Now  it  is  obvious  that  the  value  of  B  can  be  in  no  way  depen- 
dent upon  the  value  of  r,  hence  in  order  to  simplify  the  problem 
wo  may  assume  r  to  be  equal  to  0. 

By  KirchofF's  laws  (page  523)  we  have  the  following  six  equa- 
tions, showing  the  connection  between  the  resistances  a,  6,  c,  d, 
and  g,  the  current  strengths,  c^,  Cj,  Cg,  c^,  Cg,  and  Cg,  and  the  electro- 
motive force  E : — 

1 
2 

[3] 
4 

^5 

d  —  c^a;  —  Cg(7  =  0.  [6 

In  order  to  determine  the  value  of  Cg  from  these  six  equations 
we  must  first  find  the  value  of  c^  from,  j<ay,  equation  [1],  and  sub- 
stitute this  value  in  the  other  equations,  thereby  getting  rid  of  Cj  ; 
again  in  like  manner,  if  we  find  the  value  of  Cj  from,  say,  equation 


^5 

-Ci 

-<^2 

=  0 

^4 

-^6 

-^1 

=  0 

Cs 

+  ce 

-  C2 

=  0 

C3 

d  + 

c^h  - 

.E  = 

0 

Cl 

a  —  ( 

C26  — 

^6  1/ 

=  0 
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[3],  and  Bubetitute  thronghout,  we  get  rid  of  Cj,  and  so  on.  As  it 
will  be  unnecessary  to  show  all  these  substitutions,  we  shall  con- 
fine ourselves  to  one  or  two  only ;  thus  from  equation  [1]  we 
have 

Cj  -  Ci  —  Cj  =  0,    or,    Ci  =  Cj  -  Ca ; 
therefore  we  get 

^^4  -  Ce  -  Cj  +  Cj  =  0  [2] 

Cz-hc^-  c^  =  0  [3] 

C3  d  4-  Ca  5  -  E  =  0  [4] 

C5  a  -  C2  a  -  C2  6  -  Cg  (7  =  0  [5] 

C3  d  -  C4  a;  -  Cg  ^  =  0.  [6] 

By  continuing  this  process,  we  at  length  get 

C5  a  -  Cg  a  -  Ce  6  -  Cfl  (7  -  (a  4-  &)  -fTTJ'  =  ^ 
a!id 

therefore 

c^iad  -^hd  +  hg  -\-dg)  =  c^(ah  +  ad)  —  E(a  +  6) 
and 

CaChg  +  dg  +  hx  +  bd)  =   -  c^(hx  +  dx) +l^(d  +  x). 

"By  dividing  one  equation  by  the  other,  Cg  is  eliminated,  that  is, 
we  get 

ad  -^-hd  -^hg  +  dg  _     c^(a  6  -f-  a  6?)  -  E  (a  +  h) 
hg-^-  dg  -{-  hsT-fh  d  ~  -  c^Jh  a;  +  d  a)  +  E  (d  -f  i)' 
or 

E 


^6  = 


(ab-had)(hg+dg-^hx-^hd)  +  (hx-{-dx)(ad-\-hd-\-hg+dgy 
(d-\-x)(ad-\-hd-hhg+dg)-\-la+b)(hg-}-dg-}-bx-}-hd) 

By  dividing  the  numerator  and  denominator  of  the  fraction 
below  the  thick  line  hj  a  -^  x,  we  finally  get 

^  E . 

^'       g[{a  +  x)(bA-  d)]  +  ah{d  +  x) +  dx(a  +  h)  ' 
g[(a  +  x)  +  (6  4-  d)]  +  (a  +  6) (d  +  x) 

that  is  to  say, 

The  combined  resistance  of  the  resistances,  a,  b,  c,  d^  x,  and  )  _ 

g,  between  A  and  B  I 

^[(g  +  x)(b  +  d)']  +  ab(d  +  x)  -\-dx(a  +J-) 

g[{a  +  x)+(b-h  d)]  +  (a  4-"^)  ('i  -f^ 

2  N 
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I 


,  timt  is  to  say,  if  we  retnore 


It  will  be  obBerved  tliat  it  g  = 
g,  then  we  get 

Combined  1  ^     3  [(a -j- ic)  (fe  +  J)l     ^     (a  +  m)  (b  +  dj 
resiBtance  f       3  [("  +  'O  +  (''  +  **)]       (a  +  x)  +  (i+^ 

which  ia  the  joint  resistance  of  (a  +  *)  *"^  (&  +  '')• 

If  we  have  3  =  0,  that  is  to  say  if  we  join  together  ( 

points  connected  by  g,  then  we  get 

Combined  I  ^  a&(d  +  g)  +  .U(g -j- 6)  ^ 

resiatanoef  {a  +  h)(d  +  sc)  o  -j-  b  "*"  d  +  x' 

whioh  ia  the  joint  reBistanoe  of  a  and  b,  added  to  tho  joint  td- 
siatance  of  d  and  x. 

'I'he  truth  of  these  simplifications  is  obvious. 

CoMBTSED  Condensers, 

612.  pROBLEM^Eequired  the  joint  electroBtatic  capacity  a 
or  more  oimdeiisers  joined  up  in  "caBOnde."  ^^ 

Let  a,  b,  and  c,/,  Fig.  190,  be  the  plates  of  the  two  condeoaen. 

then  if  we  euppoao  these  plates  to  ba  of  equal  siie,  and  d^  and  d, 

to  be  the  distancea  separating  them,  the  resjioctive  capacities  Ci 

and  O3  will  be  in  the  proportion  ^^^— 

G,:C.::d.,:d„ 


C.d,  ^  C/ 

Now  the  plates  b  and  e,  being  joinod  togetiier,  may  bo  con- 
sidered to  bo  one  plate  as  shown  by  the  dotted  line  b  c.  Fig.  197  ; 
moreover  as  the  latter  plate  Is  in  no  way  connected  with  either  of 
the  charging  wiies  -j-  and  — ,  it  practically  does  not  affect  the 
joint  capacity  of  the  arrangement;  hence  we  can  represent  thia 
joint  capacity  as  being  due  to  a  condenser  formed  of  the  pUtes  a 
and  /,  separated  by  a  distance  rf,  +  rfj.  The  capacity  Ci  of  the 
ubiuation  must  iJierefore  be  given  by  the  proportion 

:  C, :  ;  li,  :  rf,  +  rf,. 


C.  = 


C,d, 
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If  we  had  a  third  condenser  of  a  icapaoity  C3,  in  the  circuit  of 
Ci  and  C2,  then  the  joint  capacity  C'a;.  of  this  condenser  in  com- 
bination with  Cx  must  be 

p,    _     J: 1 

n     ^  n  n     ^  FT    ^   TT 


C«  ^  C3  Ci   "^  C. 


C; 


Fio.  106. 


k-^ol 


k^-l 


c:^        +. 


a 


Fig.  197. 

I 

I 
j 

! 

I 


and  so  on  with  any  number  of  condensers.     Hence  we  have  the 
law: — 

The  joint  electrostatic  capacity  of  any  number  of  condensers  joined 
together  in  "  cascade  *'  is  equal  to  the  reciprocal  of  the  sum  of  the  re- 
ciprocals  of  their  respective  capacities. 


Measurement  of  the  Coefficient  of  Sklf-Induction. 

Kempe's  Method.* 

613.  If  r  (Fig.  198)  be  an  electromagnet  of  resistance  r  in  cir- 
cuit with  an  external  resistance  R,  then  if  we  excite  this  magnet 
by  a  current  of  strength  C,  the  discharge 
which  will  take  place  from  the  magnet  Fig.  198. 

if  it  be  allowed  to  discharge  itself  the 
moment  the  exciting  current  is  taken  off, 
will  be  directly  proportional  to  C,  in- 
versely proportional  to  the  total  resist-  H  ^ 
ance  R  4-  »*»  through  which  the  discharge 

takes  place,  and  directly  proportional  to  a  coeflBcient  which  is 
dependent  upon  the  make  of  the  magnet,  i.  e.  its  shape,  number 
of  convolutions  of  its  coils,  &c. ;  this  constant  which  is  called  L, 
is  the  coefficient  of  self-induction  of  the  magnet. 


■rrmrv 


n 


♦  *  Electrical  Review,'  April  12th,  1889. 
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If  g  be  the  quantity  in  conlomle  (page  71)  diachaiged  from 
the  magnet,  then 

«  =  K^L.  [A] 

Supposing  now  we  have  a  condenser  (Pig.  198)  of  F  fands 
capacitj  shunted  by  a  shnnt  of  S  ohms  resistanoe,  and  let  there  be 

a  current  of  0  amperes,  flowing  through  R^ 
Fig.  199.  and  S,  then  if  e  be  the  potential  difference, 

in  volts,  between  the  terminals  of  the  oon- 
^A  L^  denser,  the  charge  in  the  condenser  will  be 

-rrrrVrrrrTY^ —  ^  *  coulombs. 

Bf        S 

If  the  charging  current  be  now  cut  off 

and  the  condenser  be  allowed  to  discbarge 

itself  through  B|  and  S,  the  quantity  q^^  discharging  through  R^ 

will  be 


5    > 


Ki  +  S 

but  since  the  current  flowing  through  B^  and  S  is  equal  to  C,  we 
have 


therefore 


C  =  |,     or,    e  =  CS; 


^i=F-^,.  [B] 


lii-fS- 
By  combining  [A]  and  [B]  we  get 

gi"  FS^  '  B.-\-r' 

therefore 

L  =  FS'l.^. 

qi     Bi  +  S 
If  B  +  *•  is  made  equal  to  B^  +  S,  then 

L  =  FS2i-. 

In  order  to  measure  q  and  q^  the  arrangement  shown  by 
Fig.  200  was  devised  and  is  found  to  answer  its  purpose  very 
satisfactorily. 


MISCELLANEOUS. 
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The  magnet  r  (whose  coefficient  of  self  induction  is  required) 
and  a  resistance  r^  are  joined  up  in  one  arm  of  a  Wheatstone 
Bridge,  as  sbown.  K  is  a  double  key  which,  in  its  normal 
position,  closes  the  battery  circuit,  and  also  short  circuitf  the  galva- 
nometer; the  contacts  of  this  key  are  so  set  that  on  depressing 
the  latter  the  galvanometer  short  circuit  is  opened  a  moment 

Fia.  200. 


before  the  battery  circuit.  A;  is  a  supplementary  key  which  enables 
the  short  circuit  to  be  opened  without  opening  the  battery  circuit. 

The  following,  then,  is  the  method  of  making  the  measure- 
ment : — 

The  key  h  being  depressed,  the  resistance  d  is  adjusted  until 
balance  is  obtained  as  nearly  as  possible  on  the  galvanometer ;  the 
key  k  is  then  raised,  and  the  galvanometer  being  thus  short 
circuited  the  needle  comes  exactly  to  zero.  On  depressing  key  K 
the  Bhort  circuit  is  opened,  and  immediately  afterwards  the 
battery  circuit  is  broken,  the  result  being  that  although  exact 
balance  may  not  be  obtained  as  regards  the  four  arms  of  the  bridge, 
yet  the  interval  between  the  opening  of  the  galvanometer  short 
circuit  and  the  battery  circuit  is  so  extremely  brief  that  the  needle 
has  no  impulse  given  to  it  from  this  want  of  balance,  but  the 
throw  (d{)  which  it  receives  is  practically  wholly  due  to  the 
discharge  from  the  magnet  r.  After  the  throw  due  to  the  electro- 
magnet has  been  observed  a  shunted  condenser  (see  right-hand 
figure)  in  circuit  with  a  resistance  Tj,  is  substituted  in  the  place  of 
the  electro-magnet  and  resistance  fp  and  the  throw  (/f,)  with  the 
same  is  obtained  in  a  similar  manner  to  that  in  the  case  of  the 
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irtectromagtiet.     TLtn 

L  =  Ps4. 


3 


e  di  and  d^  are  proportional  to  q  and  91. 
The  resietanoeB  r,  and  r,  (whioh  must  have  no  self  indnction) 
e  need  in  order  to  enable  the  throws  in  the  two  cases  to  be  mada 
btpproxicaately  the  same  if  the  condenser  F  is  not  an  adjostahlH 
I ;  but  these  resistances  must  be  such  that  w^ 

ri  +  r  =  r,  +  S.  ^ 

It  ia  evideut  that  by  increasiag  pj  and  diminishing  S,  the  por- 
tion of  the  discharge  from  the  condenser  which  passes  through  the 
galvanometer  oao  be  reduced  to  any  required  extent.  If  it  should 
happen  that  the  discharge  from  the  condenser  when  r,  is  equal  to 
0  is  ^muller  than  the  discharge  from  the  electromagnet,  then  we 
can  diminish  the  latter  discharge  by  increasing  r„  S  being  of 
course  increased  so  as  to  make  S  =  r^  +  r. 
Although,  strictly  speaking,  the  equation 

I.  =  PS-J 
"1 

la  only  correct  when 

yet  the  error  due  to  d  being  slightly  out  is  extremely  small,  si 
practically  does  not  affect  the  oorrectness  of  the  final  result. 

in  practice  F  is  expressed  in  microfarads  and  not  farads  the 
exaot  value  of  L  ia  given  by  the  expression 

L  =  F  S^  ji  -^  1,000,000.  H 

The  name  given  to  the  unit  of  self-induction  by  Professor  Ayrfoa 
It  the  "  secohm." 

For  example. 

Ill  an  experiment  made  with  an  eleotromagnet  of  400  ohms 
lesihtance  {)■)  the  values  of  F,  rf„  d.^,  r^,  r^,  and  S  were  10.  275,  45, 
600,  200,  and  800,  respectively ;  what  was  the  value  of  L  ? 

275  ^H 

L  =  10  X  800  X  800  X-iT  -^1,000,000  =  39-1  seoohmB.  ^M 

m 

If  the  self-induction  is  suoh  that  the  discharge  current  lasts  foTliP 
H-ppreciable  time,  it  may  be  necessary  to  employ  a  ballistic  gal- 
vanometer (page  68)  in  making  the  meosurementa. 


«n^^ 
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i^^^H 

1044 

lUQ-S 

101-4 

I180'2 

93-4 

1216-2 

98-4 

iri^^^l 

104  8 

1147-4 

101-3 

iiei-3 

98-3 

1217-3 

95-3 

i^^^H 

1042 

lUS-a 

101-a 

1182-5 

98-2 

1218-0 

95-2 

ii^^^H 

lOtl 

1149-6 

101-1 

1163-7 

98-1 

1219-9 

95-1 

i^^^H 

104-0 

1150-7 

1010 

1184-8 

98-0 

12211 

95  0 

i^^^H 

103-8 

iisrs 

100-9 

1186-0 

97-9 

1222-4 

949 

i^^^H 

103-8 

1152-9 

100-8 

1187-2 

87-8 

1223-6 

91-8 

i^^^H 

103-7 

1154  0 

100-7 

1188-4 

97-7 

1224  9 

94-7 

i^^^H 

103 -B 

11651 

100-6 

I18a-6 

97-6 

12-26-1 

94-6 

'^^^1 

103-5 

use -3 

100-5 

IISO-7 

97-5 

1227-4 

94-5 

ta^^^H 

103-4 

1167-3      100-4 

1191-9 

07-4 

1223-6 

941 

IM^^I 

103-3 

1168-5  1 

lOO'S 

1198-1 

97-3 

1229-9 

84-3 

1269^^1 

103-2 

1159  6 

100-2 

I191'8 

97- 2 

1231 -2 

9f2 

'^H^l 

103-1 

1160-7 

100-1 

1195-5 

97-1 

1232  5 

84-1 

127!-^^ 

103' 0 

llGl'B 

100-0 

1196  7 

97-0 

1233-7 

91-0 

12731 

102-9 

11630 

99-9 

1197-9 

96-9 

1235-0 

93-9 

1271-5 

102-8 

Jlfii-i- 

-«IJ_ 

1109  1 

Ofi-8 

1286-2 

93-8 

1275-8 

102-7  " 

1165-2  '     OB-7 

1200^ 

S|6-7 

1237-5 

93-7 

1277-2 

102-6 

1166-4   1    99-6 

1201-5 

>N 

J 238-8 

93-6 

ms-G 

102-5 

lie7-5  ■!    90-5 

1202-7 

96-5 

>»■. 

93-5 

law-ov    1 

1024 

11G8  e  ; 

99 '4 

1203-B 

96-4 

I2\l 

B3-4 

l^M 

102-3 

U60-8  1 

09-3 

1205  1 

96-3 

m^ 

93-3 

'"IH 

102-2 

1170-9 

99-2 

1206-4 

96-2 

12H0 

W2 

l^^H 

102- 1 

'"'■' 

99-1 

1207-6 

96-1 

1246-3 

1285^^1         [ 

ItcBJata 

ncB  of   "  Blatutt-mUe-pound  "    cqnala 
mltiplkd  by  -752122.                    log  - 

reeistauce    nf 
52422  =  1  ■870461 

^^, 

■  Pee  p«8o  m.  5  ft 

J 

Fahu.), 


Yards 
per  Ohm. 


6656 
5832 
4663 
3733 
2906  ' 
2605  ' 
2166 
1829 

1563     ; 

1331 

1046 
879-1 
707-3 
579-8 
465-0  I 
383-6 

291-4 

222-4 

I 

167*4 
136-4 
108-6 

77-53 

I 

56-96 
49-80 1 

33*07' 
25-32i 

20-18 

15-63 

12-92 

10-46 

8-26t 

6-321 

5*45 
4-65 


rith  a  con<: 
greater,  ar 
length  of  1 


of  Mane! 


■ 

^^^ 
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•— CoEFFiciiNiB  for  oorrecting  the  Odseri-ed  Kmibtakce  of  Osiniur        | 

^K  Coi'PKs 

WwE  at  aoj  TEMPERiTCBi  to  75°,  or  at  75°  to  ony 

TE>FU.tnTH.                1 

~    K.lir.'  '  efflclfnt. 

l^M^m.  ;  l'^- 

Co. 
cBclcnt. 

■^-Itx-:-!,, 

^t 

LBgBUtan. 

100 

0191 

i"  9772930  1   77 

■9958 

r9981S30  ;!  54           1 

045 

-0190TE3 

»0'5 

0501 

■9777491      7C-5 

■99C9;  -9986377 

53-5      1 

046 

-0195WS 

SfllO 

■9782032  l!  76 

■9979    '9990918 

63         1 

047 

■0IWW4 

^b06'5 

95S0 

■97841573  1   73-5 

•9990,    9995459 

62-3  1  1 

048 

■otMsn 

9S30 

■0791114  1   2£ 

1000 

O'OOOOOOO 

52         1 

049 

•osuswe 

^H7'S 

Sfi40 

■0795655  '■  74'5 

1001 

■0004541 

51-3  1  1 

050 

■0213417 

B550 

■B8001U6  1,  74 

I^002 

■000SO82 

61       :  1 

0.-.I 

■  0217968 

9560 

■9804737  1   73^5 

1003 

■0013U23 

50  5     1 

053 

■0S2!609 

9970 

■9809278    .  73 

10O4 

■0018154 

60      '  1 

051 

9580 

■»813«19   '  72-S 

1005 

■0022705  ]l  49-5  '  1 

055 

-OSSUOI 

95B0 

-9M8360   1  72 

1-006 

■0027246  |H9      '  I 

0.'.6 

-0290131 

9600 

■9822901  1,  715 

1-007 

-0031787  '!  48^5  1  1 

057 

-0*40873 

9610 

■98'27*42  ;l  71 

1-008 

-0036328  '1  48      |  1 

058 

'0243214 

oaai 

■9831983    ;  70-5 

1-009 

-0040809      47-5      1 

059 

■024:>755 

9131 

■9836524  ,   70 

1-010 

■0045410      47         1 

060 

-  02.14296 

9641 

■9841065  „  69-5 

1^012 

■0049951      40^5      1 

nei 

■025833T 

D6S1 

■984S606  ;   69 

f013 

■O0S4492   '  40         1 

062 

■026S97B 

9661 

■9850147    '  68'3 

1-014 

■0059033      45-5     1 

064 

■0267919 

9671 

■S85468S      68 

1-015 

■0063574  !,  45         1 

0U3 

•027M60 

9GSI 

■S)859lia9  ,.  e7>5 

1-016 

-0068115      44-5     1 

066 

■0277001 

■  M 

9691 

■9863770      67 

1-017 

-0072650   ,  44         1 

067 

■0281542 

9701 

98b83n      6b  5 

1  018 

07    97  "  43^5     1 

068 

■028S08S 

m    ' 

9711 

98  285"      66 

1  019 

mmiis    43       1 

063 

■0K»062« 

84!  5  , 

9722 

987  89'J      65  5 

1  02O 

0(8h279  ;  42-5     1 

070 

■0«fl51«6 

97^^ 

9881914      65 

1  021 

009  8  0   ,  42         1 

071 

■0299T06 

87  J 

B742 

98864  5       64  5 

1  023 

00  5Jb        41 '5     1 

072 

■0304247 

87      1 

9  62 

9891018  1   61 

1  023 

00    9      '41       1  I 

074 

■030B78II 

8(jo 

9762 

9895  57  1   61  5 

1  024 

0104443      403      I 

075 

■03IS329 

Bb 

97  2 

99O00'8      63 

1  OS 

0108  84      40          1 

076 

-0317870 

85  5 

9  S3 

9904639      62  5 

1  026 

0113-12    1.  395     1 

077 

■0322411 

81 

97B3 

9<tO  180   1  62 

1   0  7 

01l80l,r  i,  39         1 

078  1 

■0326932 

Si  a 

t8  3 

a-H  721    1  61  3 

1   0"» 

01  ''(,07   1  38'5     1 

079  1 

■0331493 

84       1 

t8U 

99  i.  t,2      61 

1  010 

012  118      38         1 

080 

03.16031 

81  ^  1 

1824 

'»2'>H01   1  60  5 

1  (131 

OllldSa  11  37-3     1 

('82 

■0340373 

a   \  60 

1  0JI2 

OI3(.'"tO  ll  37         1 

0S3 

-034S11G 

1   5J  5 

1  033 

nHO~'l  1,  36-5     1 

084 

■0S49657 

f.  1   5 

1     14 

0146. 12      36         1 

085 

'03541M 

58  5 

1  OW 

014985'J  li  35-5     1 

086 

0368739 

8       S8 

1  01b 

164S91      35      1  1 

087 

■0363380 

149      -57  n 

I  0-17 

0158915      34-5  1  1 

■0367831 

na'M, 

99^590      67 

I  O'lS 

OK  476      31       1  1 

0»9 

-0372362 

7t  5 

9soa 

99^9131      56  S 

1  039 

OlfiSOl?      33-5  '  1 

091  1 

•0376003 

71 

9117 

99l>3(,8   1  56 

1  041 

01725J8      33      1  1 

092  i 

■038I4H 

78  B 

9)27 

9»082n      55  5 

1  042 

017  O-tS      32-3  1  1 

093 

■038S985 

78 

•MS? 

09  2  5t      5o 

1  04<1 

0  81  .40      32      11 

094  ' 

■0390526 

77  5 

<t948 

'i9  7295      o4  1 

1 

1  (44 

0186181       31-5      1 

095  1 

•0395067 

Si'O  rnfii'  410. 

_g 

^ 

_^ 

-fc. 

1 

m 

r 


Table  fV.*— CogmoiiSTS  far  rarrefting  the  Omietid  B*aiT»Kmt  of  Prim 
Coppsa  WoiE  ftt  any  TEUi'giiATrns  to  73"   FsHB.,  or  M  "fi"  lo  uiy 

TEMPKB.tTCBt 


t™i-i>- 

Tf.r»- 

^rr^ 

CMBctanL 

CodMW. 

i^ 

ft*i" 

*•  ■  — 

F»kc 

100 

-MM 

t4« 

V9-5 

■MM 

« 

•  > 

«r 

S» 

MM 

8IJ 

■MS 

«5 

9«-S 

Ml* 

n 

•m 

«5 

«C 

(S 

-«H 

mi 

-Ml 

<-£ 

f7-6 

-MH 

m 

« 

VI 

-MM 

3t-l 

•5 

W-5 

-*5>t 

T? 

■w:t 

c  : 

-s. 

«:» 
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Table  V 

•— CoEKFiciBNTB  fuf  corrppting  the  QBSKRreD  Resiitasci  of  Osim^^ 

CorPKB   WlB 

al  anj  TmrEfiATusi  to  75",  or  aX  75°  to  any  TzuptUTCBi. 

T.,,i     a. 

Vtiii.   ,rinclrDt. 

UgltHhBI. 

Loeiilihm. 

Trmp. 

, 

LoontiiB. 

100 

B491 

r 9772950 

V 

■9958 

r'998is36  : 

54 

1-045  i 

-0I91C2!       ' 

035 

B501 

■9777491 

76-5 

■9969 

9986377 

53^5 

1046 

0195263 

09 

9510 

■9782032 

76 

■9979, 

990091S 

53 

1-047 

'0I998M 

se-5 

9620 

■«78i!573 

75-5 

■9990, 

9995459      62-5 

1048 

-0204845 

98 

9fi30 

■97Q1114 

ZS 

I '000 

0 

OOOOOOO  .   52 

I^019 

-osossse 

B7'S 

9540 

■9795G55 

tT-s 

I'OOl 

0004541  ,1  5I^5 

1050 

-0213427 

87 

9650 

■9800196 

74 

1-002 

0009082  i|  51 

i-0.il 

•0217968 

B«5 

B5(iO 

■9804737 

73'5 

1'003 

0013623  ] 

50-5 

1-053 

■0222509       1 

06 

!>570 

■9809278 

73 

1-004 

0018164 

50 

1054 

■0227080 

MS 

H5S0 

■9813819 

72-5 

1'005 

0022705 

49'S 

1055 

•0231591 

05 

9590 

■9818360 

72 

l^OOQ 

0027246 

49 

1  ■0:,e 

■D23613S 

!Mfl 

9600 

■9822901 

71'5 

roo7 

0031787 

48'3 

1  -057 

■024067S 

9t      I 

9610 

■98'27442 

71 

l^OOS 

0036326 

48 

1058 

■<l24331f 

1)3  5 

9621 

■9831983 

70'5 

1'009 

0040869 

47' 5 

1059 

•02497SS 

(13 

9131 

■98S6524 

70 

I'OIO 

0045410 

47 

1*060 

■0254396 

B2-5, 

9641 

■9841065 

69-5 

P0t2 

0019951 

46-5 

1-oet 

■02583n 

02 

9651 

■9845li06 

69 

1013 

005^492 

46 

1'062 

■0iflS378 

81 -5 

9661 

■B850I47 

68-5 

P014 

0059033 

45'5 

1-064 

Bl        1 

9671 

-9854CR8 

(58 

1-015 

OnG3.S74 

45 

1'0b5 

■0272460 

90  5 

9681 

■il851J:i29 

67'5 

1-016 

0008115 

44'5 

1066 

■0277001       1 

00 

9691 

■9863770 

67 

r«i7 

007^656 

44 

1067 

-0281542 

89-5 

9701 

■9868311 

06-5 

1'018 

0077197 

43-5 

1-068 

■&S8C08S 

89 

9711 

■9872852 

1-019 

0081738 

43 

1-063 

■0290C24 

BB'S 

9722 

■9877393 

65'5 

I'OSO 

0I>8I!279 

42 '5 

1070 

■0295165       , 

9732 

■98819.14 

65 

1021 

00911820 

42 

1071 

■0299706 

87-5 

9742 

■9886475 

G4'5 

1-022 

0OO5361 

41'5 

1072 

-0804247 

87 

9752 

■989101G 

64 

1023 

00990(12 

41 

1-074 

■0308788 

86-5 

9762 

■B895rn57 

6»'5 

1-02* 

0104443 

40'5 

1-075 

■031!t329 

86 

9772 

•SR00098 

63 

1-025 

0108984 

40 

1-076 

■0317870 

8.T5 

9783 

■0904639 

62' S 

1026 

0I13.'ia5 

39'S 

1'077 

■0322411 

85 

9793 

■BHOlllSO 

62 

1-027 

0118066 

1-078 

•<m«95S 

84-5 

9803 

■9913721 

61-5 

1-029 

0122607 

38 '5 

1070 

'0331493 

84 

9814 

■99ie-.;(i-2 

61 

1-030 

9127148 

38 

1080 

0336054 

&^-5 

9824 

■992-lSKi 

60'5 

1031 

OlSHMJO 

37-5 

]'('82 

-0340375 

83 

9834 

-9927314 

60 

1-032  ] 

0136230 

37 

I'oas 

■0345116 

9844 

■3931885 

59' 5 

1-033 

0140771 

36  ■  5 

I  084 

-0049657 

9855 

-9936426 

59 

1-034 

0145.112 

36 

1-086 

•ORMtSfl 

8IS 

9865 

'9940967 

58-5 

1-035 

0149853 

85 '5 

1-086 

-0358739 

81 

9875 

•9945503 

58 

1-036 

0154894 

S3 

1  087 

■0303280 

80-5 

9888 

■9950049 

67'5 

I '037 

0158935 

S4^5 

1068 

■03C79SI 

hO 

9896 

■9954590 

67 

1-038  1 

016:1476 

34 

■03T2S6!       1 

7n-5 

9906 

■9950131 

56^S 

1'039 

0168017 

33^5 

1-091 

.037«9OS       ! 

79 

0917 

■9963672 

56 

1041  ! 

0172558 

I '002  1 

■038I4H       1 

78-5  1 

9927 

'0968213 

55'5 

[■042 

OI7T099 

32  ■S 

1093  1 

■0385985       1 

78      I 

9937 

■9072T54 

55 

l'043 

0181640 

32 

1-004 

■0390520       , 

77-5  ; 

9018 

■9977205 

54-5 

l'C44  ,  '0186181    j  31'3 

1-095 

■0395067 

^ 
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Table  VI.* — Coefpioients  for  correcting  the  Observed  Resistance  of  **  Silver- 
TODVN  **  GcTTA-PEiicHA  at  any  Temperature  to  75°  Fahr. 


Temp.  ^^ 

DBdint.  Logarithm. 

Temp. 

Co-    , 
efflci<  nt.  ' 

Logarithm. 

Temp. 

Co-    , 
eflBdent. 

Logarithm. 

100 

1494  1 

1744650 

77 

•8589  r 

9339572 

54 

4-937  0 

'6934494 

99* 

5 

1552 

1909757 

76- 

5 

8922  • 

9504679 

53 

•5 

5 

128  • 

'7099601 

99 

1612   " 

207-1864 

76 

9267  ' 

9669786 

53 

5 

327 

'7264708 

98" 

5 

1675   • 

2239971 

75 

5 

9627  - 

•9834893 

52 

5 

5 

•533 

'7429815 

98 

•1740   • 

2405078 

76 

000  0 

0000000 

52 

5 

•748 

'7694922 

97 

5 

1807   ■ 

2570185 

74- 

5 

039   • 

0165107 

51 

5 

5- 

•970;  " 

7760029 

97 

"1877   ■ 

2735292 

74 

079   ■ 

0330214 

51 

6 

•202  " 

7925136 

96 

5 

1950   • 

2900399 

73 

5 

121   ■ 

0495321 

50 

5 

6 

442  ■ 

8090243 

96 

2026   " 

3065506 

73 

164   • 

0660428 

50 

6 

692  " 

8255350 

95 

5 

•2104   ■ 

3230613 

72 

5 

209   " 

0825535 

49- 

5 

6 

951  • 

8420457 

95 

•2186   " 

3395720 

72 

256 

0990642 

49 

7 

220  • 

85S5564 

94 

5 

'2270   ' 

3560827 

71' 

5 

305   • 

1155749 

48  • 

5 

7 

500  " 

8750671 

94 

•2358 

3725934 

71 

355   " 

1320856 

48 

7- 

791  ' 

8915778 

93 

5 

•2450   ■ 

-3891041 

70 

•5 

•408   • 

1485963 

47' 

5 

0" 

093  - 

9080885 

93 

2545 

•4056148 

70 

463   ' 

•1651070 

47 

8' 

406  • 

9245992 

92 

5 

2643 

•4221255 

69 

'5 

•519   " 

1816177 

46 

5 

8- 

732  ■ 

9411099 

92 

•2746 

•4386362 

69 

•578   " 

1981284 

46 

9- 

070  • 

9576206 

91 

•5 

•2852   ' 

•4551469 

es 

5 

•639   • 

2146391 

45 

5 

9 

422 

•9741313 

91 

•2962 

•4716576 

68 

•703 

•2311498 

45 

9 

787  < 

•9906420 

90 

5 

•3077   ■ 

•4881683 

67 

5 

'769 

2476605 

44 

5 

10 

•17  1 

0071527 

90 

•3197 

"5046790 

67 

837 

•2641712 

44 

10 

•56 

•0236634 

89 

5   ' 

•3320   ■ 

•5211897 

66 

5 

'908 

•2806819 

43 

5 

10 

•97 

•0401741 

89 

•3449   ' 

•5277004 

66 

'982   • 

•2971926 

43 

11 

•39 

•0566848 

88 

5 

•3583 

5542111 

65 

5 

2 

•059 

•3137033 

42 

•5 

11 

■84 

•0731955 

88 

•3722 

•5707218 

65 

2 

•139 

•3302140 

42 

12 

•29 

•0897062 

87 

5 

•3866 

•5872325 

64 

5 

2 

'222 

•346';  247 

41 

•5 

12 

•77 

•1062169 

87 

•4016 

•6037432 

64 

2 

308 

•3632354 

41 

13 

•27 

•1227276 

86 

5 

•4171 

•6202539 

63 

•5 

2 

•397 

•3797461 

40 

•5 

13 

•78 

•  1392383 

86 

•4343 

•6367646 

63 

2 

'490 

•3902568 

40 

14 

•31 

•1557490 

85 

5 

•4501 

•6532753  ' 

62 

•5 

2 

•587 

•4126675 

39 

•5 

14 

•87 

•  1722597 

85 

•4675 

•6697860 
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Tablx  VIII.— Co-effictents  for  Correcting  the  Obbkrved  Resistance  of 
**  Hcx)PER*8 "  Ikdiarubber  at  any  Temperatubb  to  75°  Fahb. 


Temp.  ^ 

1 

.ffl^t.  Logarithm. 

Temp. 

Co-    , 
efficient. 

Logarithm. 

Temp. 

Pffldent.  Logarithm. 

100 

■  1 
•526  1- 

7212464 

77 

1 
•950  1 

9776997 

54 

1-715  0 

•2341530 

99-5 

•533  1  • 

7268215 

76- 

5 

•963   " 

9832748 

53-5 

1-737 

•2397281 

09 

•540   • 

7323965 

76 

•975   ■ 

•9888499 

58 

1-759 

•2453032 

98-5 

•547 

7379716  i 

75 

5 

•987   ' 

9944249 

525 

1-782 

•2508782 

98 

•554 

7435467  i 

76 

1-000  0 

0000000 

52 

1-805 

•2564533 

97-5 

•561 

7491218  , 

74- 

5 

I  013 

0055751 

51  5 

1^828 
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97 

•568 
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74 

1  026   • 
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51 

1  •  852 
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•576   • 
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7714220  1 
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1066   " 
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72 
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49 
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94-5 
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71- 

5 

1-094 
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94 

•614  ; 
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71 

1108   • 
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48 
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93-5 

•622 
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70 

•5 
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9» 
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•7992974 

70 

1137 

■0557507 

47 

2  052 
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92-5 

•638 
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69 

'5 

115-2 
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46-5 

2079   « 
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92 

•646 
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69 

1167   • 

•0669009 

46 

2106 
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91-5 

•655 
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68 

5 
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91 

•663 
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68 

1-197   • 
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45 
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90-5 
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67 

5 
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90 
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•8327478 

67 
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•0892012 

44 
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•6)1 

-8383229 

66 

•5 
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65 

•5 

1-276 
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1  42-5 
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88 
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65 

1-293 

-1115014 
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2-333 
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87  5 

•726 
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64 

•5 

1-309   • 

•1170765 

1  41-5 

2-363 
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1-326 
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86*5 

•745 
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63 

•5 

1-343 
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-8773484  ! 
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2-456 
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•814  '  ■ 
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60 
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37 
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5 
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36 
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58 

1-547   ■ 
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5 
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34  5 
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9442492 

57 
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34 
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5 

1-618   • 
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33-5 

2-902   • 

•4627310 

79 

•902 

9553994  ' 

56 

1-629   • 

2118527 

I  83 

2-940 

•4683060 

78-5 

•914 

9609745  , 

55 

5 

1-650   • 

2174278 

325 

2-978   ' 

•4738811 

78 

•926 

9665496 

55 

1-671   • 

2230029 

32 

3-013 

4794562 

77-5 

1 

•  038 

9721246 

54-5 

1-603   • 

2285780 

31  5 

1 

3-055 

•4850312 
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HASDBOOS  OF  ELEOTBIOAL  TESTIMO. 

Tabu  Xt— Btaijdaiid  Wiu  GACOK-t 


Nq. 

iMunrtira. 

Mill* 

Di.™.™. 

i«i..™u* 

lUk.- 

0,000,000 

500 

12-70 

23 

24 

4 

'610 

000,000 

4&1 

36 

11-78 

24 

22 

2 

■359 

00,000 

132 

32 

10-97 

25 

20 

2 

■308 

0,000 

400 

82 

10-16 

26 

18 

2 

■4S7 

000 

372 

28 

9-43 

27 

16-4 

1-6 

•417 

00 

8*8 

24 

8-81 

28 

14-8 

1-8 

•37« 

S24 

24 

8-33 

29 

13- 6 

1-2 

■W3 

300 

24 

7-62 

80 

12-i 

1-2 

-SIS 

276 

2i 

7'01 

31 

11-6 

■8 

-SM 

252 

21 

640 

32 

10-8 

■8 

-274 

232 

20 

5-89 

33 

10-0 

•8 

■2i4 

212 

20 

5-38 

SI 

9-2 

■8 

■234 

102 

20 

4-88 

33 

8-1 

•B 

■213 

176 

16 

4-47 

36 

7-0 

•8 

■IBS 

160 

16 

406 

37 

6-8 

•8 

■17» 

HI 

16 

3-66 

38 

60 

■8 

■153 

12B 

16 

3-23 

SO 

5-2 

■8 

■132 

116 

12 

2-93 

40 

4-8 

•4 

■122 

101 

12 

2-64 

41 

4-4 

■4 

■112 

92 

12 

2  34 

42 

40 

•4 

■102 

60 

12 

2'D3 

43 

8-6 

•4 

■091* 

n 

S 

1-83 

44 

3-2 

■4 

-0S13 

61 

8 

1  63 

IS 

2-8 

■4 

■0711 

fiG 

8 

1-48 

16 

2-* 

■4 

■0610 

48 

8 

12a 

47 

20 

■4 

■0M8 

19 

40 

8 

1-OIfl 

48 

1-6 

■1 

■O106 

20 

3G 

4 

■D14 

49 

12 

■1 

■0303 

21 

32 

4 

■813 

50 

10 

•2 

■0254 

22 

28 

4 

■711 
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Accumulation  Joint  Test,  Clark's,  421 

Alternating  currents,  Measurement  of  by  Electro-dynamometer,  331 

Adjustment  of  shmits,  91 

Ampere,  Definition  of,  1 

Angle  of  maximum  sensitlyeness  in  galyanometers,  25,  67 

Arc,  Multiple,  85 

Astatic  galvauometer,  19 

Balance,  Wheatstonc's  (tee  Whcatstone  bridge) 
Ballistic  Gkdvanometer,  68 

,  Nalder's  form  of,  72 

Batteries,  298 

,  A  method  of  testing,  528 

,  Clark*8  standard,  153 

,  De  la  Rue*s    „     155,  298 

,  Fleraing*s       „    151 

,  Muirhead's     „    154 

,  Post  Office     „    149 

,  Wheatstone*8  „    149 

,  Leclanche,  298 

,  Minotto,  298 

,  Electromotive  force  of.  Comparison  of  (see  Electromotive  force) 

'■ ,  1  and  100  cells,  314 

of  low  resistance.  Measurement  of  resistance  of,  314 

,  Polarisation  in,  Measurement  of,  314 

,  Resistance  of,  Measurement  of,  113 

,    by  condenser  method,  310,  312,  313, 


314 

Deflection  method,  4,  5 

Diminished       deflection       direct 


method,  142 


shunt 


method,  145 

Electrometer  method,  378 

Fahio's  method.  182,  185 

Half  deflection  method,  5,  125 

Kempe*s  metho<1,  310,  3r4 

Munce's  metliod,  135,  138 

Muirhoad's  method,  312 

Munro*s  method,  313 

Postal    Telegraph    method,    538, 

540 

Siemens'  method,  130 

Thomson's  method,  126 

Wheatstone  bridge  method,  253 


-,  Shunted,  Pollard's  theorem  of,  526 


INDEX.  565 

Battery  resistance,  Use  of  table  for  calculating,  537 

testing  apparatus,  Eden's,  539 

Blavier's  method  of  loa.lisin^  faults  in  submarine  cables,  254 
Bridge,  Wheatstone's  (see  Whcatstone  bridge) 

Cables,  Completed,  Tests  of,  388,  392 

,  Compound,  Tests  during  laying  of,  415 

,  Conductor  resistance  of.  Method  of  measurfng,  252 

,  Corrections  for  effects  of  temperature  on  conductor  and  Insulation  resist- 
ance of,  435 

,  Eartli  readings  on,  389 

,  Electrostatic  capacity  of.  Measurement  of,  338 

,  Faults  in,- Localisation  of  (see  Faults) 

,  Final  tests  of;  497 

,  Insulation  of.  Measurement  of,  385 

,  Laying  of.  Tests  during,  415,  416,  418 

— - ,  Manufacture  of.  Specification  for,  482 

Tests  during,  486,  496 


-,  Single  wire.  Tests  during  laying,  416,  418 


Calibration  or  graduation  of  galvanometer  scales,  46,  92 
Capacity,  Electrostatic  (see  Electrostatic  capacity) 
CardeWs  method  of  measuring  current  strength,  320 
Carey  Foster's  method  of  measuring  low  resistaiuces,  239 
Cells,  Standard,  Clark's,  153 

,  De  la  Rue's,  155 

,  Fleming's,  151 

,  Muirhead's,  154 

,  P(.st  Office,  149 

,  Wheatstone's.  149 

Charge,  Loss  of  (see  Potential,  Loss  oO 

Checking  Gnlvunometer  Oscillations,  Gott's  metliod,  80 

,  Naldcr's  Apparatus  for,  81 

Chloride  of  silver  battery,  155 
Chrystal's  standard  ohm,  229 
Clark's  accumulation  joint  test,  421 

correction  for  condenser  discharge,  303 

electromotive  force  test,  189 

fall  of  potential  fault  test,  405 

methoa  of  eliminating  earth  currents,  273 

Standard  Ctll,  153 

Coefficient  for  effect  of  temperature  on  conductor  resistance,  4*^5 

insulution  resistance,  440 

Coils  for  core  of  cable,  Tebts  of,  486 

,  Resistance,  10 

,  Dial  pattern,  14, 15.  201 

,  for  cable  Usting,  12,  14,  201 

-.  Post  Office  pattern,  13 

-.  Slide,  16 

-,  Varley's.  219 


Combined  Capacity  of  Condensers,  290,  546 

Conductivity  Resistance  of  parallel  wires,  85 

Insulation  Resistance  of  Parallel  Wires,  14(5 

— resistances,  544 

Compensating  Resistances  for  Galvanometer  Shunts,  84 
Compound  Cables,  Tests  during  laying  of,  415 

Key  for  cable  testing,  532 

Condensers,  287,  546 

,  Battery  resistance  measured  by  means  of,  310,  312,  313,  314 

,  Connections  for  discharge  from,  292 

,  Corrections  for  discharge  from,  303 


1 
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Comleuaera,  Eleclromotivo  tone  meaeaseA  bj  mcana 

,  Juint  cspacitio*  of,  290.  54G 

,  MnirhemrB  Btandnril,  2S8 

Conducting  power  of  copper,  Effect  of,  on  teenpotmtt 
CoiidudiTil;,  BalHliTi;.  427 

resistance,  by  Whaitatone  hriilBe,  242 

,  Ccirrectiod  tot  effect  of  leropemtnre  i 

-,  Elimlofttioti  of  effects  of  ourtli  oni 


248,  260,  251,  273 


Canslmit  for 


-,  Joint,  of  Mvecal  wires,  85 

-  of  s  line  hj  Bvnt  and  rfccnved  curmitii,  518 

-  of  cables,  Method  of  meMuring,  252 

-  of  tlitee  wih.'H  indi»uluallr,  243 

-  of  two  witfB  indiviMunlly  by  loop  tW,  £82 

-  |ici  mile  of  telegraph  lines,  510 
-,  Ppecifip,  427 

-,  Tnie.  of  uniformly  insnliilaJ  linp,  307 


InBulfliion  Boristatices,  383 

Momiog  testa,  5 

Copper  reeistaticp,  MatthieBscu'a  standard  of.  427 

wire,  Effeet  tiF  Temperatnre  on  Resistance  ol 

"--"IcconiiuotiTily  of.  427 


r.  T.Gtovi^t'a  table  oF,  430 


Corrections  for  Temporatur 


.435 

-,  Fraotical  applications  of,  447 


Cosine  galvanonieter,  Trowbridge's, 

Coulomb,  DeflnilioD  of,  71.  340 

Cubic  equntion.  Example  of  practical  use  of,  473 

Current,  Resistance,  and  Eleolromotlve  force,  between  two  |iotii(a  ii 

Belation  between.  307 
Current  strength ,  Heworeinenl  of,  316 

by  Cardew's  differential  method,  3tv 

Kempe's  bridge  „       322 

diD'erence  of  pntential  deflection  method, 


327 


,  Unit  of,  I 

Currents,  Enrtli,  Elitnination  of  cCfects  of  in  toaling  bj  Wbefttstono  bridgl 
250,  251 

"n  testing,  273 


Diuuping,  Correction  for,  7 

U'Arsuuval  Deprei  gnlviinometer.  65 

Dead-beat  galvauomelt'r,  D'Arsonval-Dopreii's,  65 

,  Nnldcr'B  form  of,  07 

,  Thomson's.  G2 

DeSi'ctinn  method  of  tncasuriuR  battery  rraistsooe,  4 


INDEX.  667 

Deflection  method  of  measuring  galvAnometer  lesiBtance,  4 
Deflections,  GhdvaDometer,  Degree  of  accuracy  attainable  in  reading,  44 

,  Method  of  reading,  42 

De  la  Rue*8  standard  battery,  155 

Deprez-D'Arsonyal  dead-beat  reflecting  galvanometer,  65 

Dial  pattern  of  resistanoe  coils,  14, 15,  201 

Difference  of  Potential  method  of  measuring  current  strength,  827 

equilibrium  method  of  measuring  current  strength,  329 

Diminished  deflection  direct  method  of  measuring  battery  resistance,  142 

galvanometer   „     115 

shunt battery  „      145 ' 

galvanometer   „     120 


Direct  deflection  method  of  measuring  current  strength,  816 

electrostatic  capacity,  838 

Discharge  deflections.  Connections  for  measuring,  292 

-,  Correction  fur,  803 


key,  Kempe's,  293 

,  Lambert's  294 

,  Rymer  Jones's,  295 

-,  P.  C.  Webb's,  290 


-.  Test  of  joint  by,  423 


Diboonnection,  Partial,  Localisation  of,  in  cables,  460 

.Total  .,  „  460 

Divided  Charge  method  of  measuring  electrostatic  capacity,  857 
Dynamometer,  Electro,  Siemens',  331 

Earth  current.  To  eliminate,  in  testing,  273 

by  Wheatstone  bridge,  248,  250,  251 

faults,  A  method  of  localising,  468 

readings  on  cable,  389 

-,  Table  of,  9 


-,  Resistance  of  nn.  To  measure,  244 

-,  Pomeroy's  method,  245 


Eden's  battery-testing  apparatus,  539 

method  of  measuring  conductor  resistance,  518 

Electric  lamps,  Metliod  of  measuring  the  resistanoe  of  and  currents  flowing 

through,  527 
Electrification,  386 

,  Influence  of  temperature  on,  387 

Electro-dynamometer,  Siemens',  331 
Electrometer,  Thomson's  quadrant,  365 

,  Fall  of  charge  in  cable  by,  378 

,  Gauge  of,  869 

,  Grades  of  sensitiveness  of,  376 

,  Induction  plate  of,  370 

,  Measurements  from  an  inferred  sBero  by,  879 

,  Replenisher  of,  368 

-,  Reversing  key  for,  371 


-,  Tests  of  joints  by,  424 
-,  Use  of,  378 


Electromotive  force,  Current,  and  Resistance,  between  two  points  in  a  drouit, 

Relation  between,  307 

,  Measurement  of,  149,  156 

by  Clark's  method,  189 

equal  deflection  method,  158 

resistance  method,  156 

Fahie's  method,  185 

Kempe's  method,  163 

Law's  method,  302 

Lumsden's  or  Lacoine's  method,  168, 172 


Electnitaotive  forec,  Measurement  ol 


-  P(ileatioinBt«>r  direol  lootliud,  105 

-  Wlieatstooe's  method,  lfi5 

-  Wie-Iemann's      „        159 


Electnielatic  capncit}',  Mauureuitut  of,  3 


I 


-  1>j  direct  deBe<:tioD  method,  338 

iliviJed  cbAifte  method,  S57 

Gull's  niolhoil.  352 

' Hivmeni'  iliinluulitHl  olmrgo  tnetbod. 


-  Siemens'    \om   of    obarge   dcfltetioo 


"  Siemens'    ln«a    of   charge    ■ 
-  Tlwmnni'B  method.  348 


Eqnaldefleottinbr 


-,  Speoifli , 

Ige  metlioii  DfincaBuring  ccmdnctirity  rcsbtanoe,  SSI 
tliud  of  mcHBuring  galranomeiter  reiiataacc,  W 
electromotive  force,  ISS 


earth  currento,  248 
Fahie'b  luelhod  of 


thoil  of  meaeuriog  conductivity 


-  teatiug  for  hullt  iu  Mblvs,  258 


lOii 


FbIbs  zero,  251,279 

Fault  reBifltance,  Keniially's  Inw  of,  263 

Faults  ouuaed  bj  di««iiiuoctlon,  Localisation  of,  KiO 

— ,  LocaliBaliou  of,  "254 

■ by  Blavier's  method,  254 

— ■ Clark'a  full  of  potential  method ,  405 

~  cnmbined  resislanco  and  diecburge  tuit,  408 

■ —  Fflhio's  method,  258 

— Jacobs  dedection  method,  267. 

— ■ — — Kempe'B  loss  of  cnrrent  method,  270 

-  Keonclly's  method,  2113 


~  Kingsford'a  method,  265 

-  Loop  lest,  273 

-  Lumaden's  mctlioil,  857 

-  Hance'a  „        282 


-  Varliy'a  loop  method.  277 
n  coils  of  iiigulated  wire,  Jacob'B  method,  459 
—,  Warren's    „        4oT 


,  of  high  n.'slstnDoe,  44i) 

(■'ibre,  SuKpunaion.  tlBtUoil  ol  lixing;,  fil 
Figure  of  merit  of  gulvanomelor*,  79 
Final  Icata  of  cables,  497 
Flcuiug's  atatiOnrU  ci~ll,  151 

ohm,  230 

KoBler'a,  Cnrey,  Hluthod  uf  uvueuriiii-  Inn  mislu 


dc-DtKlioDa.  DegrLC  of  acouraoy  ullniiiabk'  Iu  reading,  41  J 
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Galvanometer  deflections,  Method  of  reading,  42 

,  Astatic,  19 

,  Ballistic,  68 

■',  Cosine,  38 

,  IVArsonval-Deprez  dead-beat  reflecting,  65 

,  Dead  beat,  62 

,  G^ugain's,  37 

,  Helmholtz's,  37 

,  Marine,  64 

,  Obach's,  38 

,  Post  Office,  19 

,  Sine,  20 

,  Tangent,  7,  21,  515,  518 

,  Best  conditions  for  using,  29 

,  Correction  for,  5^2, 36 

-,  Principle  of,  21 


52 


-,  Thomson's  reflecting,  47 

^  Dead-beat  form  of,  62 

,  Description  of,  49 

,  Gray  and  March  Webb's  arrangement  of. 


--,  Trowbridge's,  38 


-,  Jacob's  transparent  scale  for,  57 

-,  Lamp  and  SciEde  for,  56 

-,  Maiine,  64 

-,  Nalder's  form  of,  55 

-,  Portable  form  of,  56 

-,  Principle  of,  47 

-,  Repair  of  Fibre  of,  61 

-,  Resistance  of,  54 

-,  Scale  for,  57 

-,  Silvertown  form  of,  58 


Galvanometers,  Angle  of  maximmn  sensitiveness  in,  25,  67 

,  Calibration  or  graduation  of  scale  of,  46,  92 

,  Figure  of  merit  of,  79 

for  measuring  currents.  Post  Office  form,  515,  518 

,  Method  of  adjusting,  59 

,  Method  of  adjusting  shunts  of,  91 

,  Resistance  for  best  effect  &om,  478 

,  Resistance  of,  Measurement  of,  94 

by  deflection  method,  3 


method,  115 


diminislied     deflection     direct 


method,  120 


♦♦  •» 


ahont 


-,  Sensitiveness  of,  80 
-,  SbunU  for,  83 


equal  deflection  method,  98 
Fahie's  method,  106 
half  deflection  method,  5,  94 
Phillips'  method,  297 
Thomson's    „       107, 112 


Gaugain's  galvanometer,  37 
Gauge  for  electrometer,  869 

measuring  diameters  of  wires,  430 

German-silver,  Use  of,  for  resistance  coiJs,  10 

Glover,  W.  T.,  table  of  resistances,  etc,  of  copper  wire,  430 

Gott's  electrostatic  capacity  test,  352 

,  Muirhead's  correction  for,  353 

method  of  seeling  up  faults  f  >r  testing,  477 
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Gk)tt's  proof  condenser  method  of  measnring  resistances,  400 
Gray,  R.  K.,  arrangement  of  reflecting  galyanometer,  52 
Gutta-percha,  Effect  of  temperature  on  resistance  of,  387 
,  Electrification  of,  387 

Half-ohabgs,  Fall  to,  403 

Halving  deflection.  Resistance  of  battery  by,  5,  125 

galvanometer  by,  5, 94 

Helmholtz*s  galvanometer,  37 

High  resistance.  Localisation  of  faults  of,  449 

: — ,  by  Jacob's  method,  459 

Thomson  galvanometer,  54 

Localisation  of  faults  of,  by  Warren's  method,  457 

,  Measurement  of,  381 

,  by  loss  of  potential,  399 

Gotf  8  proof  condenser  method,  400 


Indiabubber,  Electrification  of,  387 

Individual  resistance  of  three  wires.  Measurement  of,  243 

two        „  „  282 

Induction  plate  of  electrometer,  370 
Inductive  capacity  (see  Electrostatic  capacity) 

,  Specific,  434 

Inferred  zero,  67,  379 

Insulated  wires.  Detection  of  faults  in,  by  Jacob's  method,  459 

Warren's  method,  457 

Insulation,  Correction  for  effect  of  temperature  on,  440,  445,  446 
-,  Joint,  of  several  wires,  246 


-,  Measurement  of,  6,  8 

,  by  received  currents,  511 

and  sent  currents,  520 


-,  by  tangent  galvanometer,  8 

sent  and  received  currents,  520 

Wheatstone  bridge,  246 


-,  of  cables,  385 

by  Jacob's  method,  394 


-  of  two  sections  of  wire,  246 

-  per  mile  of  telegraph  lines,  510 
-,  Specific,  431 

-,  Standard  of,  for  land  lines,  7 
-,  Table  for  calculating,  9,  514 
-,  I'rue,  of  a  uniformly  insulated  line,  507 


Jack  and  Joule's  correction  for  tangent  galvanometer,  22 
Jacob's  fault  tost,  267 

roetliod  of  localising  faults  of  high  resistance,  459 

measuring  inbulation  of  cables,  394 

capacity         „  394 

transparent  scale  for  reflecting  galvanometers,  57 


Jamieson's  method  of  making  loop  test,  279 
Jenkin's  method  of  measuring  high  resistances,  379 
Joint  capacities  of  condensers,  290,  546 

conductivity  resistance  of  parallel  wires,  85 

insulation  „  „  ),  246 

—  resistances,  85 

Joints,  Testing  of,  at  sea,  424 

• ,  by  Clark's  accumulation  method,  421 

. discharge  method,  423 

electrometer   „      424 

WttXten'B        „      45» 
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Jolin*s  D'Areonyal-Deproz  dead-beat  reflecting  galTanometcr,  65 
Jolin-Thoimion  rheostat,  17 
Jones,  Rjrmer,  discharge  key,  295 

,  reversing  key,  285 

Joule  and  Jack's  correction  for  tangent  galvanometer,  22 

Kelyik,  Lord  (see  Thomson) 

Kempe,  A.  B.,  on  the  leakage  of  submarine  cables,  449 

Kempe's  battery  resistince  test,  310,  814 

current  strength  test,  322 

discharge  key,  293 

electromotive  force  test,  163 

loss  of  current  fault  test,  270 

metliod  of  measuring  self-induction,  547 

Konnelly's  law  of  fault  resistance,  263 
Key,  Ck>mpound,  for  otible  testing,  532 

,  Discharge,  Kempe's,  293 

,  Lamoert  8,  294 

,  for  Thomson's  capacity  test,  350 

,  Kymer  Jones's,  295 

,  Saunders',  for  Gott's  capacity  test,  356 

-,  F.  C.  Webb's,  290 


-,  Reversing,  284 

,  for  electrometer,  371 

.,  Pell's.  285 


-,  Short-circuit,  283,  285 


Kingsford's  method  of  localising  faults  in  submarine  cables,  265 
KirchofTs  laws,  169 
,  Proofs  of,  523 

Laooine,  Note,  251.  270 

Lacoine's  loss  of  current  fault  test,  270 

or  Lumsden's  electromotive  force  test,  168,  172 

Siemens'  fault  test,  412 

Lambert's  discharge  key,  294 

key  for  Thomson's  capacity  test,  350 

Lamps,  Electric,  Method  of  measuring  the  resistance  of  and  current  flowing 

through,  527 
Land  lines.  Measurement  of  insulation  of,  6 

,  Standard  of  insulation  for,  6 

Laws'  test  for  electromotive  force.  302 

Laying  of  cables.  Tests  during,  415,  416,  418 

Leading  wires.  Elimination  of  resistance  of,  253 

Leclanch^  battery,  298 

Loop  method  of  measuring  conductivity  resistance,  243 

test,  273 

,  Correction  for,  279 

,  Individual  resistance  of  two  wires  by,  282  , 

.  Jamieson's  method  of  making,  279 

,  Murray's  method,  274 

.  Varley's        „        277 

,  Phillips'  method,  282 

Loss  of  charge,  Percentage,  403 

current  fault  test,  Kempe's,  270 

Low  resistance  batteries,  A  method  of  measuring,  814 

resistances.  A  method  of  measuring,  529 

measured  by  metre  bridge,  224 

,  Carey  Poster's  method,  239 

Tliomson's  bridge,  241 


I 


I 
I 


Uakos's  method  of  eliminating  the  effects  of  earth   cuirentt  in  coodncUvity 


-  KHislanoe  of  baUciy  ti 


ing  for  fault*  in  cables,  2G2 


I,  Speoit 
-.Tsata 


during,  480,  496 


Maroh  Wtbb'a  amitigement  of  Thomson's  galranometer,  93 

Muine  gnlvauomettr,  Thomson's,  Gl 

Miittiiiesaen'g  standard  of  oopper  resistance,  427 

Maximnni  ssnsitiTeneaa,  Anglo  of,  ia  galTanometi-ra,  25.  67 

May'B  method  of  leBtJi]g  cabk-s  tor  innulation,  388 

Megolim,  384 

Merit,  Piguie  of,  of  gulvaiiometcts,  TS 

Metro  bridge,  224 

Mil  gauge,  430 

Hile,  Inaulatiou  p«T,  of  lines,  GIO 

Milliwnpire,  517 

Miantto  htAtay,  298 

MoniiQg.  01  Dftitf  Iffltaoflatid  lints,  1),  511 

Huirhuid's  ammgemftiit  of  reeistuniy-  coils,  15 

oorroclioD  for  Gott's  eleotrostnlic  nipncity  (tat,  ^ 

roveraing  key,  285 


Multiple  an.  85 

Cored  Cables,  Meaanruuoat  ofonpftoit^  of.  4Q4 

insulation  of,  4iM 

MultiplyinK  power  of  slmnta,  84 
Monro's  biitt«ry  rcBistahou  test,  313 
Murray's  loop  test,  274 


Olieck  for  Galvanometer  Needle  UiKiUaLJoni<,  81 

OBicn'B  galvanometer,  38 
Ohm,  DcfinitioD  of,  1 

,  Standsrd,  229 

Ohm's  law,  1 
One  cell,  314 

,  Oonttint  taken  with,  881 

Oecillatinns  of  Galvaiioin«ter  Netdle,  Gott's  ohixk  for,  80 

— .  Nslder"*      „       81 

Overlap  method  of  localising  foolta  in  Bubmariiie  oubica,  255 

PiHALLAi  error  in  galvanometers.  Method  of  avoiding,  24 

Parallel  wires.  Joint  resistance  of,  85 

Partial  disconnection  in  a^le,  Localisation  of,  160 

PoII'b  reversing  kej,  285 

FeroL'ntage  loss  of  dharge,  403 

Pcminuent  current.  Throw  prodnced  bv,  72 

oombinwl  Willi  Sudden  Lupulae,  Tliruw  pruduood  b, 
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Phillips,  8.  E.,  method  of  nieasuring  the  indiviiluiil  rosistaDco  of  two  wires  by  loop 
te8t,  282 

galvanometer  resistance,  282 


making  loop  test,  282 


Platinoid,  Use  of,  for  Rosistancc  Coils,  10 

rheostat,  18 

Platinum-Silver  Alloy,  Use  of,  for  Resistance  Coils,  10 

Poggendorflfs  method  of  measuring  electromotive  forces,  176 

Polarisation  in  batteries.  Measurement  of,  314 

Pollard's  theorem  of  a  shunted  battery,  526 

Pomeroy*8  E^rth  Resistance  test,  245 

Portable  reflecting  galvanometer,  56 

Postal  Telegraph  Department,  Galvanometer  used  by.  19,  498 

,  Standard  cell  used  by,  149         r 

,  Standard  of  insulation  adopted  ^y,  7 

system  of  testing  batteries,  634,  539 

Hues  by  received  currents,  511 


-,  Wheatstone  bridge  used  by,  13         | 


Potential,  Fall  of.  Formula)  for,  402 

,  Measurement  of,  299 

resistances  by,  396 

. loss  of,  399 

,  Gott's  method,  400 


-,  Clark's  test  for  fault  by,  405 
-,  Siemens'      „        „  equilibrium  of,  412 
equal,  409 


Potentiometer,  195 

direct  method  of  measuring  electromotive  force,  195 

Preece's  fall  of  potential  formula,  403 

Probert's  method  of  testing  batteries,  528 

Proof  condenser  method  of  measuring  resistances,  Gott*s,  400 

Purity  or  conducting  power  of  copper,  Efifeot  of,  on  temperature  corrections,  438 

Quadrant  electrometer,  Thomson's,  365 
Quantity,  Unit  of,  340 

Received  currents,  Table  for  calculating,  514 

-,  Testing  telegraph  lines  by,  511 


and  sent  currents.  Conductor  resistance  of  a  line  by,  518 

-,  Insulation        „        „         „  520 


Reflecting  galvanometer  (see  Ghilvanometers) 
Rehitive  Couductivity,  427 
Replenisher  of  electrometer,  368 
Resistance  coils,  10 

,  Dial  pattern  14, 15,  201 

,  for  cable  testing,  12,  14,  201 

,  Muirhead's  pattern,  15 

,  Post  Office  pattern,  13 

,  Slide,  16 

,  Varley's,  219 

Resistance,  Current,  and  Electromotive  force,  between  two  points  in  a  circuit. 

Relation  between,  307 

,  Measurement  of,  by  deflection,  3 

half  deflection,  5 

fall  of  potential,  396 

: loss  „  399 

,  Gott's  method,  400 


metre  bridge,  224 

,  Carey  Foster's  method,  239 


-  WbeBtstODO  bridgu  («•■  WIi-fHlslimo  brirta 
Note  ou,  531 


I 


.  Dnitof,  I 

BeaistBDivf.  Anntigements  of,  1 1-15 

,  Combiaed,  5*4 

,  Corapeiwating.  for  gulvanoiiieter  shunts,  81 

— ,  High.  MooHurcmcnt  of,  381 

,  IiisnlMtiun.         „  3C8 

,  Joint,  otaeTeml  wires,  85 

,  Low,  A  methud  of  meumiring,  629 

liesultant  fnult,  279 
{tetetwing  keji,  284 

,  for  olectromutci,  371 

. ,  Miiirheod'B,  2S5 

,  Pell's,  283 

,  Itjtoer  Jones's,  285 

Swilchca,  28G 

Itlioostal,  TliomBaii-Joliii,  17 
Kiibertg.  HiutiD,  tnetliod  of  ming  metre  bridge,  225 
RjDitr  Jonea's  Dlsctiargo  bey,  2^5 
ItereniDg  key,  285 

SctLi,  and  lamp,  for  Thomaan's  rcRectliig  gnlTunomoter,  57 

,  Galvanometer,  QnulualJoti  or  rsJibmlioD  nf,  40, 92 

,  Jacob's  transpiuent,  for  Thomson's  reflecting  galvanometer,  S 

,  Silvertowu  torra  of,  ,i  n  »  6 

,  Skew,  for  taopenl  galvanometer.  31 

Sealiug  up  fnnlts  for  teeting,  (iott's  melbod,  477 

SectioDs,  two,  of  wiieB,  Insulation  nf,  240 

Solf  Induction,  Measureuient  of,  547 

Sc&sitiveness,  Angle  of  maximum,  in  golvuDometi^rs,  '25,  GT 

of  galvRDometers,  80 

Sent  and  received  cuirentB,  Conduotoi  resislaaee  nfa  Jim-  by.  .118 


— ,  OalvftDometer,  CO 

,  CompenmtinK  resistance*  fa 

,  Mi:thod  of  adjusting,  91 

,  Multiplying  [ower  of,  St 

— -,  Tables  of,  393 

Biemeou'  battery  resiBtance  raeasuremeDt,  130 


Silvertawn  coinpoand  key  for  euble  testing,  532 

giilvanomeler  scale,  58 

leflooting  galvanometer,  52 

Sine  galvaiiomnler.  20 

Single  wire  cable.  Test  during  laying.  410.  418 
Skew  Zero  Scale  for  tangent  galvanometer,  30 
Slide  reaistancu  bridge.  'Vorlej  s,  219 
ooila.10 
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Slide  wire  or  metre  bridge,'  224 

j  Battery  resistance  by,  138 

,  galyauometer  reaistanoe  by,  112 

Small  resistauces,  A  method  of  measuring,  529 

,  measurement  by  metre  bridge,  224 

-,  Carey  Foster's  method,  239 


Thomson's  bridge,  241 


Smith,  Willoughby,  system  of  testing  cables  during  laying,  418 
Specific  conductivity,  427 

indactiye  or  electrostatic  capacity,  434 

insulation,  431 

measurement:*,  427 


Specification  for  manufacture  of  cables,  482 
Standard  cell,  Clark'43,  153 

,  De  hi  Rue's,  155 

,  Fleming's,  151 

,Mnirhe«d's,  154 

.  Post  Office,  149 

-,Wheatstone'8. 149 


of  copper  resistance,  Matthiessen's  427 
of  insulation  for  land  lines,  7 
ohm,  Chrystal's,  229 
-,  Fleming's,  230 


Substitution  method  of  measuring  resistances,  2 
Suspension  Fibre,  Method  of  fixing,  61 
Switches,  Reversing,  286 

Table  for  calculating  battery  resistances,  537 

electromotive  forces,  536 

insulation  resistances,  9 

■  insulation  resistances  and  strengths  of  received  currents, 

514 
Tangent  galvanometer,  7,  20,  515,  518 

,  Angle  of  maximum  sensitiveness  of,  25 

,  Best  conditions  for  using,  29 

-,  Corrections  for,  22,  36 


-,  Insulation  resistance  by,  8 
-,  Principle  of,  21 
-,  Skew  scale  for,  31 


Taylor,  Herbert,  galvanometer  shunt  tables,  393 

,  gauge  for  measuring  diameters  of  wires,  430 

Telegraph  liine.  Measurement  of  Insulation  of,  8 

two  sections  of,  246 

Temperature  corrections  for  conductor  resistance,  435,  444,  446 

insulation  resistance,  440, 445,  446 

,  Efifect  of,  on  electrification,  387 

of  cable  determined  by  conductor  resistance,  442 


Teredo  worm.  Method  of  protecting  cables  against,  459 
Theorem,  Pollard's,  of  a  shunted  battery,  526 
Thomson's  bridge,  241 

electrostatic  capacity  test,  348 

method  of  measuring  battery  resistance,  126 

galvanometer  resistance,  107, 112 


quadrant  electrometer,  365 
reflecting  galvanometer,  47 

,  Dead-beat  form  of,  62 

J  Gray  and  March  Webb's  arrangement  of,  52 

,  Lamp  and  scale  for,  56 

,  Biarine,  64 

,  Portable  form  of,  56 
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Thomson-Jolin  rheoatat,  17 

Three  wires,  Indiyidual  resistance  of,  243 

Two        n  M  H  by  loop  test,  282 

Throw  proilnced  by  PirmaneDt  Current,  72 

combined  ^ith  Sodden  Impulse,  73 

Transparent  scale,  Jacob's,  for  reflecting  galvanometer,  57 
Tripod  Thomson  gnlvanometer,  56 
Trowbridge's  galyaiiometer,  88 

Units,  Electrical,  1 

Vabley's  loop  test,  277 

slide  resistance  bridge,  219 

Volt,  Definition  of,  1 

Waoborm's  Note  on  resistance  measurement,  531 
Warren's  joint  test,  458 

test  for  small  faults  in  insulated  wires,  457 

Webb,  F.  C,  discharge  key,  290 

,  March,  arrangemeut  of  reflecting  galvanometer,  52 

Whcatstone  bridge,  197 

,  GonditiodiB  for  accurate  measurements  by,  202 

,  pondnctivity  resistance  by,  242 

,  Insulation  „         „    246 

,  Measurement  by,  when  exact  equilibrium  cannot  be  obtained, 

218 

,  ,  Oare^  Foster's  method,  239 

,  of  wires  travened  by  earth  ourrenta,  248, 


250,  251 

-,  Method  of  connecting  up,  200 
-,  Slide  wire  or  metre,  224 
-,  Thomson's,  241 

-,  usod  by  Postal  Telegraph  Department,  13 
-,  Varley  8  slide  reHistancc,  219 


Wheatstone's  method  of  measuring  electromotive  force,  165 

standard  cell,  149 

Wiedemann's  method  of  measuring  electromotive  force,  158 
Willoughby  Smith's  syateui  of  testing  cables  during  hiying,  418 
W^ires,  Copper,  Specific  conductivity  of,  427 

-,  Temperature  corrections  for,  435,  444,  447 


-,  Individual  resistance  of  three,  248 

two,  by  loop  test,  282 


-,  Joint  resistance  of,  85 


Zero,  False,  251,  279 

,  Inferred,  67,  379 

,  Skew,  of  tangent  galvanometer,  30 
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Thomaon-Jolin  rheostat,  17 
Three  wires,  Individual  ro-- 
^^^       »»  „ 

Throw  produced  by  ^  ' 

Transparent  *• 
Tripod  Tb' 
Trowbri-' 
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